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INTRODUCTION 
Alfalfa (Medicago sativa L,), one of the most important 
forage plants in the U.S., provides the highest feeding value 
for farm animals of all commonly grown hay crops (Barnes and 
Gordon, 1972). It produces more protein per hectare than 
grain or oil-seed crops, has a high mineral content, and con­
tains at least 10 different vitamins (Barnes and Sheaffer, 
1985). Alfalfa has a yield potential of approximately 22.4 
Mg ha ^ (Tesar, 1983), but average yield is only around 7 Mg 
ha ^ (Rumbaugh and Heichel, 1984). Various factors, such as 
diseases, insects, and nematodes limit alfalfa yield. But 
among the physical factors most limiting to yield, drought is 
the single most important (Rumbaugh and Heichel, 1984). 
While the importance of water stress to alfalfa yields is well 
recognized, its effects on forage quality have received less 
attention, despite the fact that alfalfa is grown primarily 
for its high feeding value. The term "water stress" is used 
in this study to refer primarily to stress caused by insuf­
ficient water, although strictly, the term is equally appli­
cable to stress arising from excess water (Levitt, 1980). 
Most previous work on effects of water stress on forage 
quality of alfalfa has focused on crude-protein concentra­
tion and dry-matter digestibility (e.g., Gifford and Jensen, 
1967J Vough and Marten, 1971; Snaydon, 1972b; Carter and 
Sheaffer, 1983a). Although cell-wall concentration and cell-
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wall composition (proportion of lignin, cellulose, and hemi-
cellulose) are important characteristics affecting forage 
quality (Van Soest, 1983), little is known of their responses 
to water stress. In addition, results on the effects of water 
stress on protein concentration have been conflicting; some 
workers reported inconsistent effects (Snaydon, 1972b; Vough 
and Marten, 1971; Carter and Sheaffer, 1983a), while others 
reported increased protein concentration under water stress 
(Gifford and Jensen, 1967; Walgenbach et al., 1981). Clearly, 
additional study is needed to resolve these discrepancies as 
well as to fill in gaps in existing knowledge. 
Previous studies have not considered plant maturity stage 
when comparing forage quality of alfalfa grown under differ­
ing moisture regimes. If water stress affects the rate of 
plant phenological development, then part or all of the ob­
served differences in forage quality may be attributed to dif­
ferences in plant maturity. With some tropical grasses, 
Wilson and Ng (1975) showed that differences in forage quality 
among plants grown under different irrigation treatments can 
largely be accounted for by differences in plant "physiologi­
cal" age. It is important to compare forage quality of 
differentially irrigated alfalfa at a common maturity-stage 
in order to explain differences in forage quality in relation 
to water stress. 
In most previous studies, plants were watered to optimum 
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levels and water stress was then induced by letting the soil 
dry down. The aim in the current experiment was to have plants 
growing within a specific range of water stress throughout 
their growth cycle. In addition, there has been no reported 
work comparing forage quality of alfalfa stressed at different 
growth stages. Water stress may have different effects on 
forage quality according to the developmental stage when 
stress occurs. Wilson and Ng (1975) postulated that, in 
grasses, stress occurring during an early vegetative stage 
may have a beneficial effect on the quality of forage by re­
tarding stem elongation and flowering and maintaining a higher 
N content than in well-watered plants that have flowered and 
matured rapidly. But, if flowering stems have developed when 
stress occurs, then quality may be markedly reduced through 
accelerated maturation. 
Recent developments in the use of canopy temperature to 
measure plant-water stress provide a convenient tool for 
studies of water-stress effects on alfalfa. The crop-water-
stress index (CWSI), as developed by Idso et ai. (1981b), has 
been used to predict alfalfa yields when grown under different 
water regimes. It is not known whether the CWSI could also 
be related to forage quality of alfalfa. 
Based upon the preceding considerations, the objectives 
of this study were: 
To determine the response of various forage-quality 
characteristics of alfalfa, including that of in 
vitro digestibility, crude protein and cell-wall 
concentrations, and cell-wall composition, to vary­
ing degrees of water stress occurring throughout a 
growth cycle. 
TO evaluate the effects of water stress on alfalfa 
forage quality independently of the effects on plant 
maturity. 
To relate forage quality of alfalfa to the CWSI. 
To compare effects of water stress occurring at 
different growth stages of alfalfa on its forage 
quality. 
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LITERATURE REVIEW 
Plant Response to Water Deficits 
Life evolved in the medium of water. Almost all meta­
bolic processes of living organisms are dependent on the 
presence of water. When plants moved from an aquatic to a 
terrestrial environment in the course of evolution, their 
metabolic pathways remained basically unchanged (Begg, 1980). 
Their success in colonizing a terrestrial habitat is attribu­
ted to the development of specialized structures for water 
uptake, water transport, and control of water loss, which 
enabled them to maintain favorable water relations within 
their tissues (Begg, 1980). 
Water stress develops either from insufficient or exces­
sive water (Levitt, 1980), In this study, however, water 
stress refers mainly to stress arising from insufficient water. 
Specific effects on plant functions vary with the degree of 
stress. Hsiao (1973) listed the sequence of plant processes 
that are influenced by increasing levels of water stress as 
shown in Table 1. 
Morphological effects 
Cell growth Cell enlargement is the plant function 
most sensitive to water deficits (Hsiao, 1973). Turgor pres­
sure plays a crucial role in cell enlargement, providing the 
necessary pressure from inside the cell. When water stress 
Table 1. Generalized sensitivity to water stress of plant processes or parameters^ 
(from Hsiao, 1973) 
Sensitivity to stress 
Processes or 
Very Relatively 
sensitive insensitive 
Reduction in tissue required 
to affect process^ 
parameter affected 0 MPa 1 MPa 2 MPa Remarks 
Cell growth 
Wall synthesis 
Protein synthesis 
P ro to chlo ro phyl1 
formation 
Nitrate reductase level 
ABA accumulation 
Cytokinin level 
Stomatal opening 
CO2 assimilation 
Respiration 
Proline accumulation 
Sugar accumulation 
Fast growing tissue 
Fast growing tissue 
cn 
Depends on species 
Depends on species 
^Length of the horizontal lines represents the range of stress levels within 
which a process becomes first affected. Dashed lines signify deductions based on 
more tenuous data. 
^With of well-watered plants under mild evaporative demand as the reference 
point. 
7 
develops, turgor is lowered and this reduces cell enlargement. 
Cell division seems to be less sensitive to water deficits 
than cell enlargement (Begg and Turner, 1976; Levitt, 1980). 
Water stress may, however, affect cell division indirectly. 
Some evidence indicates that cells must expand to a critical 
size before they can divide (Hsiao, 1973; Begg and Turner, 
1976). 
Leaf size Reduced cell growth results in a smaller 
leaf area per plant (Begg and Turner, 1976). Leaf enlarge­
ment is inhibited by water deficits earlier and more severely 
than photosynthesis or respiration (Levitt, 1980). Reduction 
in leaf area lowers crop growth rate particularly during the 
early stages of growth, when there is incomplete radiation 
interception (Begg and Turner, 1976). On the other hand, 
reduction of leaf expansion can provide a mechanism for re­
ducing water loss from the soil and delaying the development 
of more severe stress. The rate of évapotranspiration is 
determined by the amount of leaf area, particularly at leaf 
area indices of less than three (Begg and Turner, 1976; 
Begg, 1980). Tillering and branching are also inhibited by 
water deficits (Turner, 1979). 
Leaf shedding Besides reducing leaf enlargement, 
water stress reduces leaf area by accelerating the rate of 
senescence of physiologically older leaves (Begg, 1980). In 
natural plant communities, leaf shedding and the resulting 
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reduction in leaf area is recognized as an important adaptive 
feature for drought tolerance in arid regions (Turner, 1979). 
Water deficits also hasten death of many tillers (Turner, 
1979). 
Root-to-shoot ratio Plants increase their root-to-
shoot ratio in response to water stress (Begg and Turner, 
1976; Turner, 1979; Begg, 1980). This usually arises from a 
greater decrease in growth of tops than in growth of roots, 
but sometimes from an absolute increase in root growth (Hsiao 
and Acevedo, 1974; Bennett and Doss, 1960). The latter effect 
is likely to occur at levels of water deficits sufficient to 
significantly reduce shoot growth but not carbon dioxide 
assimilation (Begg, 1980). The increase in root growth 
enables plant to extract more water from the soil to maintain 
plant-water potential. 
Physiological effects 
Stomatal conductance One physiological mechanism for 
limiting water loss by plants is stomatal closure. The sto-
mata, however, does not respond to changes in leaf-water po­
tential until a critical threshold level is reached (Begg 
and Turner, 1976). The threshold level typically ranges from 
-0.7 to -3.0 MPa in field-grown crops. But various factors 
such as position of leaf in the canopy, plant age, and pre­
vious exposure to water stress affect the critical value 
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(Turner, 1979). Stomatal conductance is more closely related 
to leaf-turgor pressure than to leaf-water potential (Begg 
and Turner, 1976). This is because stomatal opening and 
closing result from turgor differences between guard cells 
and the surrounding subsidiary or epidermal cells (Hsiao, 
1973). In many plants, stomatal closure is triggered by the 
hormone abscissic acid, which accumulates under water stress 
(Aspinall, 1980). Abscissic acid concentration returns to 
prestress levels following stress relief (Aspinall, 1980). 
Photosynthesis Because stomates act as regulators 
for carbon dioxide exchange, as well as regulators of water 
loss, water deficits sufficient to close stomata also depress 
photosynthesis (Begg and Turner, 1976; Hsiao, 1973). This 
explains the close relationship between leaf-water potential 
and the rate of photosynthesis (Levitt, 1980). There are, 
however, factors other than stomatal closure that depress 
photosynthesis during water stress. The nonstomatal effects 
are likely to occur at levels of water stress that are more 
severe than that required to close stomata (Hsiao, 1973; 
Levitt, 1980; Begg and Turner, 1976). 
Osmoregulation Besides leaf expansion and stomatal 
conductance, there is evidence that many enzymatic reactions 
are turgor dependent (Hsiao, 1973). The ability of plants 
to maintain a positive or constant turgor as water potentials 
decrease is, therefore, an important adaptation to water 
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deficits. The most important physiological mechanism enabling 
plants to maintain turgor is osmoregulation, which is a lower­
ing of osmotic potential (Begg and Turner, 1975). Turner and 
Jones (1980) reported that in a range of crop plants, full 
turgor was maintained even when plant-water potential had 
dropped to -2,5 MPa. 
Reduction of osmotic pressure may result from concentra­
tion of cell sap following water loss (Turner, 1979). The 
magnitude of osmotic adjustment by this means varies among 
species and is related to cell-wall elasticity; the more 
elastic the cell wall, the greater the osmotic adjustment. 
Alternatively, osmoregulation is effected by a net increase 
of solutes in the cell under water stress (Hsiao, 1973; Begg 
and Turner, 1976; Turner, 1979; Turner and Jones, 1980). 
Solutes that have been identified in this process include 
soluble sugars, free amino acids, potassium, chlorides, and 
organic acids (Turner and Jones, 1980). Under moderate to 
severe stress, the amino-acid proline increases in concentra­
tion more than any other amino acid (Hsiao, 1973). Proline 
seems to aid in drought tolerance, acting as a solute in 
osmoregulation and/or as a storage pool for nitrogen (Stewart 
and Hanson, 1980). 
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Environmental Factors Affecting Water Use 
In the course of their life, plants take up water from 
the soil and lose a large portion of it to the atmosphere. 
The amount of water used in this process is influenced by-
environmental and plant factors. Kramer (1983) illustrated 
the magnitude of plant water use by pointing out that a 
Kansas corn plant may lose over 200 L of water during its 
life, or 100 times its own fresh weight. Of the total water 
that they absorb, plants transpire about 95% and use only 
about 5% for metabolism and growth (Kramer, 1983). 
Transpiration can be regarded as the dominant process in 
plant-water relations. Evaporation of water results in an 
energy gradient that is the principal cause of water movement 
into and through plants (Kramer, 1983). Transpiration in­
volves two stages; the evaporation of water from cell walls 
and its diffusion out of leaves, chiefly through the stomata. 
The rate of transpiration depends upon a supply of energy to 
vaporize water, the gradient in water-vapor pressure that 
constitutes the driving force, and the magnitude of the re­
sistance in the pathway (Kramer, 1983). 
Solar radiation 
The net energy received by plants depends upon the level 
of solar radiation and the amount of leaf area and other or­
gans that intercept the radiation. Plants dissipate energy 
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by three mechanisms: reradiation, convection of sensible 
heat, and dissipation of latent heat by evaporation of water 
(Kramer, 1983), An insignificant amount of energy, usually 
only 2 or 3% of the total, is used in photosynthesis and leaf 
storage. During a diurnal period, the rate of transpiration 
follows the pattern of solar radiation, with minimum tran­
spiration at night and peak transpiration at midday or early 
afternoon (e.g.. Van Bavel et al., 1963). On a yearly basis, 
peak water use occurs in midsummer when solar radiation is 
greatest (Gardner et al., 1985). 
Ambient temperature and humidity 
The driving force causing movement of water from the 
leaf to the air is the vapor-pressure difference between the 
leaf and the air (Kramer, 1983). Air temperature and humidi­
ty, which affect vapor pressure of the atmosphere around the 
plant, therefore, influence transpiration rates. Water-vapor 
concentration in the leaf is usually close to saturation and 
does not usually affect the vapor-pressure gradient between 
the leaf and the air. An increase in temperature without an 
increase in water content of the air (absolute humidity) in­
creases the rate of transpiration because this increases the 
vapor-pressure gradient. On the other hand, an increase in 
absolute humidity of the air, without any change in tempera­
ture, reduces transpiration rates (Kramer, 1983). In general, 
transpiration rate increases in going from a cool and humid 
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to a hot and dry environment. 
Wind 
The effects of wind on transpiration rate are rather 
complex. Increased velocity of air movement increases tran­
spiration by removing the boundary layer of water vapor that 
surrounds leaves in quiet air (Kramer, 1983), Most of the 
effect occurs at wind velocities of less than 88 cm s~^. At 
higher velocities, stomatal closure occurs, either because of 
mechanical effects or because of dehydration. Wind effects 
on transpiration rates are also influenced by radiation 
levels. Under low or moderate levels of radiation, a breeze 
should increase transpiration. At higher radiation levels, 
where leaves tend to be warmer than air, wind may decrease 
transpiration by cooling leaves (Kramer, 1983). 
Soil-water availability 
The preceding discussion is based upon the condition 
that soil-water availability is not limiting plant water 
uptake. Low soil-water availability under conditions of high 
atmospheric demand reduces leaf-water potential and induces 
stomatal closure (Turner and Burch, 1983). This in turn 
reduces plant water use. 
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Water-Use Efficiency 
Definition 
Water-use efficiency (WUE) is the unit of dry matter 
produced by plants per unit of water used (Begg and Turner, 
1976), In physiological studies, WUE is expressed as moles 
of carbon dioxide fixed per mole of water transpired (Nobel, 
1983). Many authors (Begg and Turner, 1976j Turner and 
Burch, 1983} Gardner et al., 1985) have pointed out that, 
although WUE and drought resistance are often taken as 
synonymous, they are frequently unrelated. While WUE refers 
to plant efficiency in using water to produce dry matter, 
drought resistance emphasizes the ability of plants to sur­
vive droughts. In many instances, the ability to withstand 
severe water stress is negatively correlated with productivity 
(Begg and Turner, 1976). 
Factors affecting WUE 
Environmental factors The increase in crop yields 
in the U.S. over the last 50 years has been obtained with 
little concomitant increase in water consumption (Begg and 
Turner, 1976), This implies that there have been consider­
able gains in WUE over that period. Any management factors 
that reduce the limitations to growth without significantly 
increasing évapotranspiration will increase WUE (Gardner et 
al,, 1985). Such factors include fertilizer application. 
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control of weeds and other pests, improved tillage tech­
niques, and timely planting. 
Plant factors There are large differences in WUE 
among crop species with different photosynthetic pathways. 
The species generally have higher WUE than species 
(Gardner et al., 1985; Begg and Turner, 1976; Nobel, 1983; 
Turner and Burch, 1983; Kramer, 1983). The factors contribut­
ing to higher WUE of species include higher photosynthesis 
and growth rates by species under high irradiance and tem­
perature. In addition, plants have a high mesophyll 
resistance to carbon dioxide into leaves compared with that 
of plants (Turner and Burch, 1983). The rate of photo­
synthesis for any given stomatal conductance, therefore, is 
lower in than in species (Kramer, 1983). Species with 
crassulacean acid metabolism (CAM) open their stomates at 
night when vapor-pressure gradient between the leaf and the 
air is smaller than by day, thereby increasing WUE (Turner 
and Burch, 1983). Use of crop species with CAM is limited 
because carbon dioxide fixation and overall productivity of 
CAM plants is low (Gardner et al., 1985). 
Breeding for increased WUE 
Success in breeding for high WUE is limited by the dif­
ficulty in identifying plant characteristics that are likely 
to improve yield in specific situations (Kramer, 1983). The 
characters needed in any given situation depend largely 
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upon the climate. 
Stomatal behavior Jones (1979) discussed some ap­
proaches in breeding for improved WUE under different climatic 
conditions. If the climate is predictably dry, and plant 
growth is dependent on water stored in the soil profile at 
the beginning of a growing season, then low stomatal conduc­
tance is beneficial. A more common situation, however, is 
unpredictable weather with a significant drought occurring 
at any time during the growing season or not at all. In 
this instance, the breeder does not want to sacrifice the 
potential of high yield if ample rainfall occurs when select­
ing for increased tolerance of possible drought. An ideal 
situation is a pattern of stomatal behavior wherein conduc­
tance is high under good conditions (allowing maximal photo­
synthesis) but with efficient closure during drought. Another 
feature that is often useful and that can be subject to selec­
tion is rapid stomatal opening on rewatering. Stomates of 
many species open somewhat sluggishly after stress (Jones, 
1979). There are, however, few reports of attempts to screen 
germplasm of one species on the basis of stomatal behavior. 
Early maturing cultivars Another approach in breeding 
for increased WUE is by developing earlier maturing cultivars. 
In cotton, early maturing cultivars planted at high densi­
ties were reported to have 25% higher WUE than conventional 
cultivars (Begg and Turner, 1976). 
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Shifting growing season Growing crops under a low 
thermal or energy regime by moving the growing season to a 
cooler or lower potential évapotranspiration period of the 
year is another way of reducing crop water use. This involves 
selection or genetic modification to increase tolerance dur­
ing germination and seed establishment (Begg and Turner, 
1976). 
Morphological traits Other traits that could be se­
lected in breeding for increased WUE include rooting traits, 
stomatal frequency and size, duration of growth stages, 
presence or absence of awns, and ratio of economic to bio­
logical yield. Rooting traits involve depth of rooting, 
degree of branching, and ability to grow in dry soil (Ras-
musson and Gengenbach, 1984). Research has shown that a wide 
range of variability exists for number of stomates. Miskin 
et al. (1972), for example, indicated that in barley, 
transpiration is reduced by lowering stomatal frequency. 
It is not clear, however, how modifying stomatal frequency 
will affect WUE. 
Water Stress Effects on Alfalfa Growth 
Dry matter yield 
Alfalfa originated in climates characterized by cold 
winters and hot, dry summers (Bolton et al., 1972; Heichel, 
1983) and one of its valuable features is its ability to grow 
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during a drought (Wilman, 1965; Snaydon, 1972a). Alfalfa 
has, however, been regarded as a high consumer of water. In 
trials on seven crop species, Jensen (1973) showed that alfal­
fa had the highest water consumption per year and the lowest 
water-use efficiency. Christian (1977) disputed this 
contention, stating evidence that daily consumptive use of 
water by alfalfa is similar to that of other crops in which 
full ground cover is established. Additionally, he noted that 
annual water use depends not so much upon crop species as on 
length of growing season, proportion of ground cover, root­
ing depth, and crop yield. 
Alfalfa yields are a linear function of plant-water use 
(Bauder et al., 1978; Sammis, 1981; Donovan and Meek, 1983). 
While alfalfa growth responds favorably to increasing water 
applications, excess water can also be detrimental. Phy-
tophthora root rot caused by Phytophthora mecrasperma Drechs. 
has often been implicated in alfalfa stand losses on wet 
soils (Lueschen et al., 1975). Thompson and Pick (1981), 
however, found that the negative response of alfalfa to 
flooding occurred before the disease is thought to have been 
able to have an influence. The initial effects of flooding 
may be caused by root anoxia, but the disease factor may con­
tribute to the damage under prolonged waterlogging. 
Yield reduction from water stress may in part be brought 
about by reduced photosynthesis because of stomatal closure. 
18b 
Carter and Sheaffer (1983b) observed very low stomatal conduc­
tance when plant-water potential (PWP) fell below -2,5 MPa. 
Little growth occurred when midday PWP was between -1,5 to 
-2.0 MPa, and when midday PWP fell lower than -2,5 MPa; rela­
tive growth rates were negative because of leaf loss. 
The diurnal pattern of growth is also different between 
alfalfa plants grown under water stress and those that are 
well watered. Brown and Tanner (1983) found that stems of 
irrigated alfalfa usually extended faster during the day than 
at night, while stressed stems usually extended faster at 
night. Daytime extension of stressed alfalfa stems was small 
because of low cell turgor, while nighttime growth increased 
as a result of higher cell turgor. Night-dominant growth be­
gan when afternoon leaf-water potential decreased to about 
-1.2 MPa. 
Plant morphology 
Stems Water stress in alfalfa reduced stem number per 
plant, number of internodes per stem, and individual inter-
node length of the primary stem in work by Perry and Larson 
(1974). In their experiment, stress treatments were imposed 
when plants were 15.2 cm in height. Reducing soil moisture 
potential from -0.05 to -1.0 MPa during 4 weeks resulted in a 
28% reduction in tillering of alfalfa seedlings, 31% reduction 
in the number of vegetative buds, and a 58% reduction in 
plant height in a study by Cowett and Sprague (1962). On the 
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other hand. Brown and Tanner (1983) found that where water 
stress was not developed until 2 weeks after cutting in an 
established stand of alfalfa, there was no effect on inter-
node number or stem density, although internode length was 
reduced. This suggests that internode length is more sensi­
tive to water stress than the number of internodes per stem. 
The differences in response could be because of the timing of 
initiation of stress treatments; the earlier the stress treat­
ments are imposed during plant growth, the more profound is 
the effect on stem growth. Brown and Tanner (1983) showed 
that, if stress occurred in the last half of a regrowth period, 
stem density was not affected, but if stress started from the 
beginning of regrowth, then stem density was reduced by 23%. 
Leaf The rate of leaf growth is also reduced by water 
stress (Gindel, 1968; Brown and Tanner, 1983). In many ex­
periments, there is an increase in leaf-to-stem mass ratio 
(LSR) with water stress (Vough and Marten, 1971; Carter and 
Sheaffer, 1983a; Snaydon, 1972b), suggesting that leaf growth 
is less affected by water stress than is stem growth. Brown 
and Tanner (1983), however, attributed the increase in LSR to 
the stunting of total growth rather than to the differential 
effects of water stress on leaf and stem growth. They found 
that a negative correlation between leaf percentage of dry 
weight (LPDW) with stem height occurred only if plants shorter 
than 45 cm were considered. With plants that were taller than 
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46 cm, LPDW did not vary with stem height. Water stress 
will thus increase LSR only if it is severe enough to stunt 
plant height to below 46 cm. The increase in LSR with water 
stress would only hold true under moderate levels of stress 
because prolonged severe stress will eventually result in 
leaf death. Peake et al. (1975) described the sequence of 
leaf injury with severity of water stress, ranging from leaf­
let wilting at leaf-water potential of between -1.5 and -2.5 
MPa to leaf death if afternoon leaf-water potential was less 
than -4.0 MPa for more than 3 or 4 consecutive days. 
Besides effects on leaf mass, structural differences have 
also been observed in alfalfa grown under varying moisture 
regimes (Gindel, 1968). The number of stomata per unit area 
is highest in stressed alfalfa leaves and lowest in heavily 
irrigated plants. The situation, however, is reversed with 
regards to the length of stomata In this study, the number 
of epidermal cells per unit leaf area was highest during the 
hottest and driest month, when stomata length was at its 
minimum. Alfalfa has more stomata in its upper than the 
lower epidermis and drought stress accentuates this differ­
ence (Gindel, 1968). 
Root growth Under arid conditions, root weight of 
alfalfa increases with level of irrigation, but not to the 
same extent as herbage yield (Janson, 1975; Bourget and 
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Carson, 1962). During water stress, partitioning of dry 
matter in alfalfa seems to be diverted to increasing 
carbohydrate storage in the root. Slower regrowth during 
water stress results in greater accumulation of total non­
structural carbohydrates in roots than that in well-
watered plants (Cohen et al., 1972). Willard (1951) re­
ported that, at the end of the first cutting year, alfalfa 
cut three times contained from 200 to 250 g of roots 
following a wet season, while at the end of a very dry 
growing season, with poor hay yields, the roots amounted to 
250 to 450 g m 
Water Stress Effects on Forage Quality of Alfalfa 
Total herbage 
Forage quality is generally higher in water-stressed 
than in well-watered alfalfa. The higher quality is at­
tributed in part to the higher proportion of the leaf compo­
nent in plants subjected to stress (Snaydon, 1972b; Vough 
and Marten, 1971; Carter and Sheaffer, 1983a; Brown and 
Tanner, 1983). Thus, total-herbage in vitro digestible 
dry matter (IVDDM) concentration is generally higher and 
acid-detergent fiber (ADF) is generally lower with moisture 
stress. Gifford and Jensen (1967), for example, found that 
in four forage legumes, including alfalfa, plants with the 
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lowest crude fiber and the highest crude-protein concen­
tration were grown under the driest moisture treatments. 
Plant parts 
Snaydon (1972b) reported that both leaf and stem had 
higher IVDEM concentration in plants grown under decreasing 
water supply. The effects were greater in midsummer, when 
temperatures were higher, than in late summer. The higher 
digestibility of individual plant parts, together with 
the greater proportion of the highly digestible fractions 
(leaf and flower), produced a large increase in overall 
digestibility of shoot material with decreasing water sup­
ply. Vough and Marten (1971) attributed the increase in 
total-herbage digestibility to increased digestibility of 
stems rather than leaves, although the percentage of 
highly digestible leaves was also greater when plants were 
grown under water stress. Likewise, decreased ADF and 
acid-detergent lignin concentration in the herbage was 
largely dependent upon their concentration in stems, but 
also was influenced by the greater leaf percentage of 
plants grown under stress. 
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Crude-protein concentration 
While effects of plant-water stress on IVDIM and fiber 
concentrations seem consistent, the situation with crude-
protein (CP) concentration is not as clear. Snaydon (1972b) 
found inconsistent effects of plant-water stress on CP con­
centration as did Carter and Sheaffer (1983a) and Vough and 
Marten (1971). On the other hand, increasing levels of CP 
concentration as a result of plant-water stress was reported 
by Gifford and Jensen (1967). Likewise, Walgenbach et al. 
(1981) found higher levels of total nitrogen in all plant 
parts of alfalfa grown under increasing water stress. This 
has been attributed to decreased plant growth causing a 
build-up of nitrogen in plant tissues. But the response of 
CP concentration in alfalfa to water stress seems to be in­
fluenced by additional environmental factors as well. For 
instance, Donovan and Meek (1983) found that CP concentration 
of forage was higher under low-moisture treatments in cool 
months but not in warm months. Nuttall (1975) reported gen­
erally higher nitrogen concentration with drier soil but the 
effect was not consistent over all soil types tested. 
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Water Stress Effects on Forage Quality of 
Other Species 
Surveys of the literature (Wilson, 1982, 1983a), cover­
ing grasses and legumes in the tropical and temperate regions 
of the world, indicate that low soil moisture generally has 
a favorable effect on forage quality. This is reflected in 
frequent reports of higher herbage digestibility and lower 
cell wall and lignin concentrations in plants grown under 
water-deficit conditions. 
Delayed plant development 
Wilson (1982) attributed this effect primarily to the 
influence of water stress in slowing growth and delaying stem 
development. This in turn produces plants with leafier 
swards of higher digestibility. Wilson (1983b) demonstrated 
in three tropical grasses (green panic, buffel, and spear 
grass) that the rate of decline in dry-matter digestibility 
with age was slowed when the plants were grown under water 
stress. In earlier work, Wilson and Ng (1975) postulated that 
in Panicum maximum var trichoqlume. water stress delayed the 
normal ontogenetical changes of the leaves. There was no 
evidence from anatomical measurements that the leaves that 
expanded under stress were morphologically or structurally 
different from normal unstressed leaves. 
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Reduced stem elongation 
The retardation of stem development with water stress 
is another important factor influencing forage quality. This 
effect, however, seems to be evident only if stress is im­
posed before stem elongation has begun. Such treatments re­
sult in not only a higher stem digestibility but also a higher 
proportion of leaf to stem (Wilson, 1983b). On the other 
hand, in the study by Wilson (1983b), when water stress was 
not imposed until after stems had elongated and flowered, 
then dry-matter digestibility of plants grown in dry and wet 
treatments were similar. 
Inconsistent effects 
The response of plants to water stress is not always 
consistent across species. In the work referred to earlier 
(Wilson, 1983b), siratro (a tropical legume) leaves that ex­
panded under water stress had significantly lower dry-matter 
digestibility than comparable unstressed leaves. This was 
attributed to the leaves undergoing morphological adaptation 
under water stress, resulting in a smaller leaf area, smaller 
cells, and lower tissue hydration. There was also an in­
crease in cellulose and lignin content and a marked decrease 
in hemiCellulose concentration. Pitman and Holt (1982) also 
reported positive correlations of leaf and stem in vitro 
digestible organic matter (IVDOM) concentration with in­
creasing levels of soil moisture in three warm-season grasses 
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(kleingrass, green springletop, and plains bristlegrass), 
For kleingrass, IVDOM concentration of the leaf and stem 
ranged from 638 to 608 g kg~^ with nonstressed materials and 
336 to 428 g kg~^ at the most stressed level, respectively 
(Pitman et al., 1981). This was associated with an increase 
in proportion of cell-wall components and lignification in 
water-stressed plants (Pitman et al., 1983). Some studies 
have reported no effect of soil-moisture conditions on the 
digestibility of forages (Hidiroglou et al., 1966; Taylor et al., 
1976; Spurway et al., 1976). Garwood et al. (1979) found 
inconsistent effects of soil moisture status on the digesti­
bility of six cool-season grasses in different harvests of 
the same trial. 
Conclusions 
There is a general trend for an increase in forage 
quality with plant-water stress in alfalfa and other forage 
species, although other environmental factors may modify this 
trend. In tropical forage grasses, there is evidence that 
this increase in forage quality is brought about by a slowing 
of plant maturation. However, there has been no reported 
work on the influence of plant-water stress on the phenologi-
cal development of alfalfa. The results from such an in­
vestigation may help explain some of the reported increases 
in the forage quality of alfalfa grown under water deficits. 
It seems that the response of forage plants to water stress 
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is also dependent upon the timing of the stress. The vari­
ability in plant response to water-stress treatments may 
partly be accounted for by differences in the time that 
stress is imposed. It would be useful to know the critical 
stages of plant growth when water stress has significant in­
fluence on forage quality. 
Approaches in the Study of Water Stress in Alfalfa 
Studies on the response of alfalfa to water deficits 
invariably involve controlled applications of amounts of 
water. The objective is to have plants growing under dif­
ferent water-deficit regimes and to monitor the response of 
plant characteristics under the conditions imposed. 
Soil moisture 
Early work has been concerned with plant growth under 
various soil-moisture levels expressed in terms of soil-
moisture content (Bennett and Doss, 1963; Wilman, 1965; Lucey 
and Tesar, 1965; Gifford and Jensen, 1967; Cohen et al., 
1972; Perry and Larson, 1974) or soil-water potential 
(Taylor, 1952; Kemper and Amemiya, 1957; Cowett and Sprague, 
1962; Vough and Marten, 1971). Soil-water content is often 
expressed as percentage of field capacity and is measured by 
gravimetric methods (Wilman, 19 65; Gifford and Jensen, 1967; 
Cole et al., 1970), or moisture blocks (Lucey and Tesar, 
1965), or neutron probes (Cohen et al., 1972). Soil-water 
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potential is normally determined with tensiometers. In most 
of these experiments, plants were watered to field capacity 
whenever soil water was depleted to predetermined level of 
water stress. 
Applied water 
In some studies, plant response was related only to the 
amount of applied water during growth (Gindel, 1968; Janson, 
1975), A refinement of this technique, which enables com­
parisons to be made among environments, is to express the 
amount of water applied as a proportion of potential évapo­
transpiration (Landsberg, 1967; Hanson, 1967; Snaydon, 1972a; 
Donovan and Meek, 1983). 
Measurement of soil-water status or the amount of ap­
plied water is an indirect estimate of plant-water stress. 
Kramer (1983) pointed out that estimates of plant-water 
stress from soil-water content are useful for some purposes, 
but are inadequate for studying effects of water deficits on 
physiological processes. A more direct and reliable approach 
is to make measurements on the plants themselves. Several 
plant measurements have been identified as indicators of 
water stress and the methodology as well as the problems 
associated with their use have been the subject of a number 
of reviews (e.g., Barrs, 1968; Boyer, 1969; Slavik, 1974; 
Turner, 1981). 
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Plant-water potential 
In studies of water stress on alfalfa, the plant indi­
cator most frequently used is plant-water potential (e.g., 
Gary and Wright, 1971; Peake et al., 1975; Carter et al., 
1982). Routine measurement of plant-water potential has 
been made possible with the introduction of the pressure-
chamber technique by Scholander et al. (1965). The proce­
dure for using this technique on alfalfa was described by 
Brown and Tanner (1981). 
Canopy temperature 
An alternative approach for measuring plant-water stress 
uses leaf or plant-canopy temperature (Tc). Water stress and 
Tc are related because, as the plant becomes water stressed, 
stomatal conductance and transpiration are reduced and Tc 
increases (Kirkham et al., 1983; Sharratt et al., 1983). 
The introduction of infrared thermometry by Tanner (1963) to 
determine Tc has made this approach an attractive alternative 
to measuring plant-water potential. Walker and Hatfield 
(1983) identified three basic approaches for using Tc to 
assess the severity of water deficits. The first uses dif­
ferences in Tc among various experimental treatments, with a 
well-watered treatment usually providing the reference Tc. 
For example, stomatal closure of alfalfa at midday has been 
reported to result in Tc of water-stressed alfalfa to exceed 
that of well-watered alfalfa by 8.50C in a study by Carter 
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and Sheaffer (1983a) and by 7°C in a study by Donovan and 
Meek (1983). In the second method, the variability of re­
peated Tc measurements is used to indicate the level of in­
creasing water deficit. The third approach uses crop-air 
temperature difference (Tc-Ta) which is negatively corre­
lated with the leaf-water content and plant-water potential. 
Crop-water-stress index (CWSI) 
Of the three approaches, the third seems to have the 
greatest potential for further refinement. Idso et al. (1977) 
linked Tc-Ta values to crop yields by using what they termed 
the "stress degree day" (SDD) concept. The SDD is the summa­
tion of midafternoon values of Tc-Ta over some critical 
period. The final yield of a crop is hypothesized to be 
linearly related to the SDD. It became apparent, however, 
that the influence of environmental factors such as humidity, 
cloudiness, and radiant energy on Tc-Ta do confound measure­
ments taken in different locations. The problem has been 
overcome by the discovery of a linear relationship between 
vapor-pressure deficit (VPD) and Tc-Ta of well-watered plants 
over a range of climatic conditions (Idso et al., 1981b; 
Kirkham et al., 1983). This linear relationship provides a 
simple criterion for identification of the potential evapora­
tion state and enables the development of the crop-water-
stress index (CWSI), which is reasonably independent of 
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environmental variability. The method for deriving the 
CWSI and its rationale is discussed by Idso et al. (1981b) 
and Jackson et al. (1981). 
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MATERIALS AND METHODS 
Experimental Plot 
The experiment was carried out during 7-week periods 
from 18 July to 5 September 1983, and from 25 June to 14 
August 1984. The same experiment was used simultaneously by 
Hattendorf (1986) in her study of yield relationship of al­
falfa with water stress, A moveable weather shelter at the 
Iowa State University, Hind's Irrigation Farm, north of 
Ames, was used to exclude rainfall. The weather shelter is 
an area 5.6 by 14.5 m, containing 216 potometers. The 
potometers were galvanized-steel garbage cans embedded in the 
soil (Fig. 1). The soil in the potometers was obtained from 
the top 15 cm of a Nicollet loam (an Aquic Hapludoll). Each 
potometer had a metal access-tube for a neutron probe used 
for measuring soil-water content. A 1.5-cm diameter hole at 
the bottom center of each potometer allowed drainage of ex­
cess water into a layer of sand beneath the potometers. The 
construction and operation of the weather shelter have been 
described by others (Harder, 1979; Snyder, 1980; Ruiz-Vega, 
1982). The potometers were last used in the summer of 1981 
when they were planted to soybeans (Ruiz-Vega, 1982). In 
1982, the potometers were left fallow. 
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-NEUTRON METER 
ACCESS TUBE (152 cm) 
51 cm 
SOIL SOIL SOIL 
CO 
Lf) 
DRAINAGE 
HOLE 
— 45 cm — 
WASHED SAND 
SOIL 
Fig. 1. Diagram of a potometer with a neutron meter access 
tube (from Snyder, 1980) 
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Soil Preparation 
Soil samples from the potometers were taken on 3 March 
1983. For this purpose, the plot was divided into three 
blocks running in a east-west direction. Random samples, 
composited from 10 to 12 potometers per block, were taken at 
two soil depths, i.e., 0 to 10 and 10 to 40 cm. Results of 
analysis on these samples are shown in Table 2. Based upon 
these results, an equivalent rate of 22 and 166 kg ha"^ of 
P and K fertilizer, respectively, was incorporated in each 
potometer on 22 March 1983 and again on 17 April 1984. 
Table 2. Soil pH, P and K status before experiment 
Available Available 
Block Depth pH P K 
cm kg/ha 
East 0-10 7.75 101 179 
10-40 7.95 49 103 
Middle 0-10 6.95 146 288 
10-40 7.03 92 170 
West 0-10 7.08 176 309 
10-40 7.30 78 159 
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Plant Establishment 
Inoculated seeds of 'Apollo II* alfalfa were planted on 
18 March 1983, at the rate of 0.6 g potometer"^, giving a 
seeding rate equivalent to 20 kg ha~^. Subsequently, the 
stand was thinned and reseeded as needed to obtain a uniform 
stand of about 98 plants potometer"^ (490 plants m~^). The 
plots were hand weeded as necessary. The area surrounding 
the experimental plot, covering about 0.5 ha, also was 
planted to alfalfa so that the experimental plot would have 
a microenvironment similar to that of a field of alfalfa. 
The plants received uniform irrigation during establish­
ment. In mid-June 1983, an infestation of potato leafhoppers 
(Empoasca fabae Harris) was detected and the plants were 
sprayed twice with malathion. By the second week of July 
1983, the plants were at full bloom and, on 18 July 1983, the 
herbage was removed at 64 mm and the water-deficit treat­
ments were initiated. 
Treatments 
Irrigation treatments 
There were eight irrigation treatments as follows: 
1. Irrigate to 100% of field capacity (FC) 
2. Irrigate to 88% FC 
3. Irrigate to 77% FC 
4. Irrigate to 65% FC 
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5. Stress only at vegetative stage 
6. Stress only at bud stage 
7. Stress only at flower stage 
8. Irrigate to 112% FC 
Treatment 1 was the control and was intended to reflect 
plants growing under optimal water supply. Treatments 2 to 
4 represent plants growing under various levels of water 
deficit. Treatments 5 to 7 were used to impose water stress 
at the various stages of plant development. Treatment 8 was 
included to investigate effects of excess water. 
Harvest dates 
Plants in each potometer were harvested at one of five 
dates within each experimental period. The first harvest 
was after 3 weeks of regrowth and subsequent harvests were 
weekly until the 7th week of regrowth. 
Experimental Design 
The experimental treatments required 200 potometers in 
a split-plot arrangement of a randomized complete-block de­
sign as shown in Fig. 2 and Fig. 3. In each year, the whole-
plot comprised a row of eight potometers running in a north-
south direction and represented one harvest date. Each 
potometer within the row was a sub-plot, representing one 
irrigation treatment. A new randomization was used in 1984 
different from that in 1983. The east and west end-rows were 
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N < 
R H TREATMENT 
2 8 2 3 6 1 4 5 7  
1 8 3 4 6 1 2 7 5  
1  1 7 4 5 3 6 2 8  
3  4 5 6 2 7 8 1 3  
5  6 4 2 7 5 8 3 1  
2  7 2 - 4 6 8 1 5 3  
4  6 4 3 8 2 7 5 1  
2  5  3 8 1 7 6 4 5 2  
3  7 2 8 5 6 1 4 3  
1  3 5 2 8  1  7 6 4  
3  4 7 6 3 5 2 1 8  
4  7 8 4 6 5 2 3 1  
3  1  8 5 4 3 7 6 2 1  
5  8 4 5 2 6 1 3 7  
2  5 2 8 7 4 6 1 3  
1  6 1 8 4 3 7 2 5  
3  2 8 1 7 3 6 4 5  
4  2  6 8 5 2 3 7  4 .  1  
5  2 3 4 7 6 8 1 5  
4  2  4  6  5  1  8  7  3  
5  6 4 1 7 8 2 5 3  
2  4  1  8  6  5  2  7  3  
5  3  3 6 7 8 5 2 1 4  
4  8 1 6 4 2 5 3 7  
1  6  4  8  = 5  1  ^  7  2  
Figure 2. Layout and allocation of treatments in 1983; 
R = replicate, H = harvest (from Hattendorf, 1986) 
N <— 
R HARVEST AND TREATMENT: U .  resp. 
4 5  4 2  4 1  4 4  4 8  4 3  4 6  4 7  
1 8  1 2  1 4  1 5  1 3  1 6  1 1  — 
1  3 3  3 5  3 1  3 8  3 6  3 7  3 4  1 7  
5 7  5 4  5 3  5 1  5 5  5 6  5 2  3 2  
2 4  2 1  2 6  2 7  2 2  2 5  2 8  5 8  
5 4  
2 8  
5 5  
2 4  
5 6  
2 2  
5 1  5 8  5 3  5 7  2 3  
2 6  2 3  2 5  2 7  5 2  
2  3 7  3 2  3 1  3 4  3 8  3 6  3 3  2 1  
1 2  1 5  13 .  1 6  1 7  1 8  U  3 5  
4 7  4 8  4 5  4 2  4 3  4 1  — 1 4  
2 5  2 3  .  2 2  2 4  2 6  2 7  4 6  4 4  
4 8  4 3  4 5  4 6  4 4  2 8  2 1  
3  1 3  1 4  — 1 7  4 1  4 2  4 7  — 
5 8  5 3  5 6  1 6  1 1  1 2  1 8  1 5  
3 4  3 1  3 8  5 7  5 4  5 5  5 1  5 2  
3 3  3 5  3 3  3 7  3 2  3 5  3 6  5 6  
3 2  
5 7  
3 4  
5 5  
3 5  
5 7  
3 7  
5 8  
3 8  
5 2  
3 1  
5 3  5 6  5 4  
4  2 1  2 3  2 2  2 5  2 8  2 7  2 4  2 6  
— 1 5  1 4  1 7  1 2  1 6  1 1  1 3  
1 8  4 8  _ 4 2  4 5  A 6  4 4  4 1  
4 3  4 7  3 7  3 2  3 3  3 4  3 8  3 6  
3 1  3 5  5 8  5 2  5 5  5 4  5 1  
5 3  5 7  1 2  1 3  1 4  1 8  1 6  1 1  
5  1 5  1 7  4 3  4 5  4 4  4 6  — — 
4 2  4 8  4 1  4 7  2 8  2 4  — 
2 5  2 7  2 2  2 3  2 1  2 6  
Fig. 3. Layout and allocation of treatments in 1984; 
R = replicate (from Hattendorf, 1986) 
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included as treatment plots to replace some of the potometers 
that developed poor drainage. The potometers were divided 
into five blocks, running in an east-west direction. 
Water Application 
Soil-water content in each potometer was maintained be­
low the level specified by the treatments. At the start of 
the treatments, and before each watering, soil-water content 
was measured with a neutron probe (probe model 1237 and scalar 
model 2601) obtained from Troxler Laboratories, Research 
Triangle, North Carolina. Moisture counts were converted 
to cm water potometer ^ (SM) as described by Snyder (1980), 
who obtained the following relationship; 
SM = -1.82 + 21.63 (R) 
where R is the ratio of an actual count to a standard count 
to account for variations in radioactivity. 
The field capacity of the soil is 15.0 cm water 
potometer ^ (Ruiz-Vega, 1982). The actual soil-water content 
was converted to a percentage of field capacity. The volume 
of water to be applied at each irrigation was calculated as 
that required to bring the soil-water content to the level 
appropriate to each treatment. A valve, screwed to a 2.5-cm 
PVC hose, controlled the flow rate of water at 5.67 L min~^. 
This enabled the required volume of water to be applied by 
varying the time that water was applied to each potometer. 
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In 1983, plants were watered at weekly intervals but, in 
1984, the frequency of irrigation was increased to twice 
weekly (Tables 3 and 4). 
Treatments 5 to 7 received the same amount of water as 
the control except that irrigations were skipped for 1 week 
at the phenological stage where water stress was intended 
(Tables 3 and 4). 
Water-Stress Measurements 
Daily readings of plant-canopy temperature (Tc) were 
taken with a Teletemp infrared thermometer, from the 3rd 
week of regrowth, when plants had achieved a complete canopy, 
until the 7th week of regrowth. The measurements were made 
between 12:00 noon and 2:00 p.m. Air temperature (Ta) was 
also measured directly above the potometer at the same time. 
A wet and dry bulb hydrometer was used to calculate the 
vapor-pressure deficit two or three times during the period 
of temperature recording. From the measurements on the con­
trol treatments, a regression of the (Tc-Ta) on vapor-pressure 
deficit was obtained. This relationship formed the basis of 
calculating the crop-water-stress index (CWSI) as described 
by Idso et al. (1981b). The calculation of the CWSI is dis­
cussed in greater detail by Hattendorf (1986). 
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Table 3. Irrigation and harvest schedules for 1983 
Data^ 
Days after 
first cut Event 
Exclude 
irrigation 
at stageb 
7-19 0 First cut 
7-25 6 Irrigate 
8-3 16 Irrigate Vegetative 
8— 8 21 Harvest 1 
8-11 24 Irrigate Bud 
8-15 28 Harvest 2 
8-17 30 Irrigate 
8-22 35 Harvest 3 
8-26 39 Irrigate Flower 
8-27 40 Harvest 4 
9-1 45 Irrigate 
9-4 48 Harvest 5 
^Month-day. 
^For treatments 5 through 7 only. 
Table 4. Irrigation and harvest schedules for 1984 
Date 
Days after 
first cut Event 
Exclude 
irrigation 
at stageb 
6-25 0 First cut 
7-2 7 Irrigate 
7-5 10 Irrigate Vegetative 
7-8 13 Irrigate Vegetative 
7-11 16 Irrigate Vegetative 
7-14 19 Irrigate Vegetative 
7-15 20 Harvest 1 
7-16 21 Irrigate Bud 
7-20 25 Irrigate Bud 
7-23 28 Harvest 2 
7-24 29 Irrigate 
7-27 32 Irrigate 
7-30 35 Harvest 3 
8-1 37 Irrigate 
8-3 39 Irrigate 
8-6 42 Harvest 4 
8-7 43 . Irrigate Flower 
8-10 46 Irrigate Flower 
8-13 49 Harvest 5 
^Month-day. 
'^For treatments 5 through 7 only. 
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Harvest and Plant Analysis 
At harvest, all alfalfa plants within a potometer were 
cut with hand shears near the soil surface. The harvested 
herbage was put in cloth bags and brought to the laboratory 
for further analysis. It was weighed fresh and a 100- to 
200-g sample was obtained for dry-matter determinations. The 
samples were dried at 65°C for 48 hours in a forced-air 
drier. 
Twenty stems were randomly selected and measurements 
were made for morphological characteristics which included 
stem length (plant height), number of nodes, and plant ma­
turity. The plants were rated for maturity using the mean-
stage-by-count method of Kalu and Pick (1981). The leaves 
from 15 of the 20 sampled stems were removed and the leaf 
area was measured with a Li-Cor 3000 leaf-area planimeter. 
A leaf-to-stem ratio was calculated, based upon the dry 
weights of these 15 plants. 
Another 100- to 200-g sample was obtained for chemical 
analyses. Stems of this sample were cut above the 6th node 
and the herbage was separated into bottom and top fractions. 
The fractions were dried at 65°C for 48 hours. After drying, 
leaves from the top and bottom fractions were bulked while 
the stem fractions remained separate. The dried bottom stems, 
top stems, leaves, and total-herbage samples were ground in 
a Udy cyclone mill to pass through a 1-mm screen. The more 
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mature stems and total-herbage samples were ground in a Wiley-
mill through a 2-mm screen before going on to the cyclone 
mill. The ground samples were stored in glass bottles with 
a screw-on plastic cap. 
Chemical Analysis 
Cell-wall concentration 
Cell-wall (CW) concentration was estimated from analysis 
for neutral-detergent fiber (NDF) by the method of Goering 
and Van Soest (1970) but with the omission of decahydro-
naphthalene and sodium sulfite, as proposed by Van Soest and 
Robertson (1980). Every fifth sample was analyzed in dupli­
cate. Sample size was about 1.0 g. Filter papers were used 
instead of Gooch crucibles in filtration. A 9-cm Whatman 
No. 54 filter paper was placed on a stainless-steel per­
forated cylinder attached to a suction unit as shown in 
Fig. 4. A glass cylinder was placed on the filter paper to 
contain the solution during filtration. 
Lignin 
Samples were analyzed for lignin by first extracting ADF 
which was then immersed in sulfuric acid as described by 
Goering and Van Soest (1970). Decahydronaphthalene was 
omitted in this procedure as proposed by Van Soest and 
Robertson (1980). Sample size was about 1.0 g and each de­
termination was in duplicate. 
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•glass cylinder 
«-rubber seal 
to aspirator 
U U U U U U U U U U U  filter paper 
—stainless-steel 
cylinder 
filtrate 
Fig. 4. Filtration apparatus used in NDF and IVDDM analyses 
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Cellulose and hemicellulose 
Residues from lignin determinations were ashed by heat­
ing the crucibles at 550°C for 4 hours. The weight of lig­
nin recovered was obtained by subtracting the ash component 
from the residue. Cellulose concentration was calculated 
by subtracting lignin and ash component from ADF. Hemi-
cellulose concentration was estimated as the difference 
between the NDF and ADF concentrations. 
sî£ vitro digestible dry matter (IVDDM) 
The concentration of IVDEM in plant samples was deter­
mined by the NC-64 direct-acidification method as described 
by Marten and Barnes (1980). Incubated samples were fil­
tered by the method used in the NDF determinations. Sample 
size was about 0.25 g and each analysis was in duplicate. 
Crude protein (CP) 
Samples were analyzed for total nitrogen by the semi-
micro-Kjeldahl method using a 40-tube block digester and a 
steam-distillation unit as described by Bremner and Breiten-
beck (1983). About 0.1 g of ground sample was used in each 
determination. Every fifth sample was analyzed in duplicate. 
The result was expressed as CP concentration by multiplying 
total nitrogen concentration by 6.25. 
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Statistical Analysis 
The experiment was analyzed as a split-split-plot de­
sign. The two years of study represented the main plots, 
the five harvest dates represented sub-plots, and the eight 
irrigation treatments represented the sub-sub-plots. Main 
effects and interactions were analyzed using an analysis of 
variance procedure. Regression analyses were used to char­
acterize plant responses to differences in irrigation levels 
and the CWSI. These regressions were calculated using repli' 
cate means. 
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RESULTS AND DISCUSSION 
Year Differences 
The analyses of variance (Tables A1 to A6) indicated 
significant year effects for most of the growth and quality 
characteristics measured. Mean yield over all treatments 
and harvests in 1983 was 30% lower than that of 1984 (Table 
5). The corresponding maturity rating in 1983 was only 60% 
of that in 1984, indicating that plants cut at equivalent 
number of days of regrowth were less mature in 1983 than in 
1984 (Table 5). The difference in maturity may account for 
the 20% higher leaf-to-stem ratio in 1983 than in 1984. 
A large part of the year differences can be attributed 
to the difference in severity of water stress between the two 
years. As calculated by Hattendorf (1986), mean crop-water-
stress index (CWSI) in 1983 was more than twice that in 1984 
(Table 5). The difference in CWSI can be explained largely 
by differences in irrigation frequency between the two years. 
In 1983, plants were irrigated by weekly intervals, while in 
1984, the irrigation frequency was increased to twice weekly 
(Tables 3 and 4). Although temperatures were generally 
higher in 1983 than in 1984 (Table 6), pan evaporation in 
1983 was slightly lower. Pan evaporation was associated with 
the shorter daylength period in 1983 than in 1984 because of 
the 4-week later start of the study. Atmospheric demand, 
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Table 5. Mean CWSI, yield, maturity rating, and leaf-to-
stem ratio within each period of study 
Year CWSI 
Dry-matter Maturity Leaf-stem 
yield rating ratio 
1983 
1984 
LSD 0.05 
0,227 
0.110 
0.014 
g potometer 
73.1 
105.2 
3.1 
-1 
2.43 
4.11 
0.09 
kg kg 
0.71 
0.56 
0.02 
-1 
Table 6. Mean daily maximum and minimum temperatures and 
pan evaporation over the two periods of study 
Max Min Pan 
Period temp temp evaporation 
mm day"^ 
18 July to 
5 Sept 1983 32.4 19.1 6.9 
25 June to 
14 Aug 1984 29.4 16.6 7.4 
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thus, could not have contributed to the differences in water 
stress between the two years. 
Dry-Matter Yield 
Dry-matter yields reflect the differences in water 
stress among treatments, harvests, and years. Figures 5 and 
6 show the dry-matter yield per potometer at different har­
vests under the continuous-stress treatments. These data 
are also presented by Hattendorf (1986). 
In all treatments and harvests, dry-matter yield was 
greater in 1984 than in 1983. Treatment 8 (irrigation 
to 112% field capacity) gave the highest yield in both years. 
This treatment is therefore nearer the optimum in terms of 
yield and was used as the base for calculating CWSI 
(Hattendorf, 1986). 
A linear regression of dry-matter yield on days of re-
growth for each treatment within each year produced different 
regression coefficients among treatments and between years 
(Tables 7 and 8). Harvest 4 was excluded from the regression 
in 1983 because of its consistent departure from linearity 
in all treatments. This anomaly was probably brought about 
by a delay in irrigation before Harvest 4, resulting in a 
9-day interval between watering instead of the usual 7 days 
as in other periods (Table 3), Temperatures were also ab­
normally high during this period. Treatment 8 consistently 
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Fig. 5. Dry-matter yield for the continuous-stress treat­
ments in 1983} tables of treatment means of dry 
matter yield and other growth and quality charac­
teristics are presented in the Appendix 
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Table 7„ Regression coefficients (b) of dry-matter yield 
on days regrowth in 1983 
Irrigation 
level 
Regression 
coefficient 
(b) 
Std. error 
of b r2 
% field 
capacity 
— 1 - — 1 g pot day 
112 1.96 0.28 0.96 
100 1.55 0.06 0.99 
88 1.73 0.15 0.98 
77 0.81 0.15 0.93 
65 0.34 0.13 0.77 
Table 8. Regression coefficients 
on days regrowth in 1984 
(b) of dry-matter yield 
Irrigation 
level 
Regression 
coefficient 
(b) 
Std. error 
of b r2 
% field 
capacity 
, — 1J — 1 g pot day 
112 3.59 0. 38 0.97 
100 2.48 0.28 0.96 
88 2.22 0.45 0.89 
77 2.88 0. 33 0.96 
55 1.53 0.33 0.96 
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gave the highest, while Treatment 4 (irrigation up to 65% 
field capacity) consistently had the lowest regression co­
efficient. The regression coefficients were also higher in 
1984 than in 1983, reflecting the faster rate of growth in 
1984. 
Dry-matter yield at each harvest increased linearly 
with increasing irrigation level. In 1983, 93 to 99% of the 
observed variation in dry-matter yield at each harvest was 
accounted for by differences in irrigation treatments (Table 
9). The contribution of irrigation treatments to dry-matter 
yield differences in 1984 was somewhat smaller (71 to 96%). 
Continuous-Stress Treatments 
Treatment effects were partitioned into the "continuous 
stress" component, comprising Treatment 1 through Treatment 
4, and Treatment 8; and the "among stages" component, com­
prising Treatment 5 through Treatment 7. The former repre­
sents treatments where water stress was maintained within a 
particular range throughout the observed regrowth period. 
The continuous-stress treatments were subsequently partitioned 
into linear/quadratic components, using percentage of field 
capacity following each irrigation level (65, 77, 88, 100, 
112) as independent variables. The mean squares for the ef­
fects of year, replicate, harvest, treatment, and their in­
teractions, on various plant characteristics, are shown in 
51 
Table 9. Effects of irrigation level on dry matter yield 
Year Harvest Model^ P > F r2 
1983 1 Y -11.09 + 0.75X 0.022 0.96 
2 Y = -18.08 + 0.97X 0.003 0.99 
3 Y = -30.43 + 1.21X 0.019 0.96 
4 Y = -53.60 + 1.45X 0.034 0.93 
5 Y = -66.58 + 1.79X 0.022 0.96 
1984 1 Y = -2.95 + 0.76X 0.008 0.93 
2 Y = 9.96 + 0. 88X 0.074 0.71 
3 Y = 6.61 + l.llX 0.004 0.96 
4 Y = 21.10 + 1.23X 0.020 0.87 
5 Y -20.65 + 1.72X 0.026 0. 85 
= dry-matter yield in g potometer~^ and X = soil-
water content at irrigation in % of field capacity. 
Appendix Tables A1 through A6. The following discussion 
focuses on treatment effects while briefly mentioning other 
sources of variation that were of interest. In many in­
stances, there were significant treatment x year and treat­
ment X harvest interactions; therefore, treatment effects 
were evaluated by harvests within each year. 
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Plant maturity 
In 1983, quadratic models accounted for 95 to 99% of 
the differences in plant maturity at a given harvest (Table 
10). Plants grown under the greatest water stress had low­
est maturity ratings (Fig. 7), Water stress, therefore, de­
layed plant phenological development, as measured by the 
Kalu and Pick (1981) mean-stage-by-count method. In 1984, 
however, the relationship was significant only at Harvest 3. 
Plants were more mature in 1984 than in 1983. Figure 7 shows 
that plants taken at Harvest 3 in 1984 were even more mature 
than those taken at Harvest 4 of 1983. The significant 
harvest x year interaction (Appendix Table Al) was a conse­
quence of a faster rate of increase in maturity in 1984 com­
pared to that in 1983; maturity ratings, averaged over all 
treatments, increased by 0.13 and 0.07 day~^ of regrowth in 
1984 and 1983, respectively. The faster rate of maturation, 
as well as the lack of response of plant maturity to irriga­
tion at most harvests, in 1984 was probably associated with 
the less severe water stress in 1984 compared to that in 
1983. 
The effect of water stress in delaying plant development 
has been demonstrated in work on tropical grasses (Wilson and 
Ng, 1975; Wilson, 1983b). More recently, Gomez et al. (1985) 
reported a linear increase in maturity of alfalfa with irri­
gation treatments that allowed more évapotranspiration 
.. 
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Table 10. Effects of irrigation level on maturity stage 
Year Harvest Model^ P > F R2 
1983 1 Y -3.45 + 0.09X - 0.0003x2 0.039 0.96 
2 Y -2.48 + 0.07X - 0.0002x2 0.012 0.99 
3 Y -4.98 + 0.14X - 0.0006x2 0.030 0.97 
4 Y -7.46 + 0.19X - 0.0008x2 0.028 0.97 
5 Y = -9.70 + 0.27X - 0.0013x2 0.054 0.95 
1984 1 Y = -0.55 + 0.06X - 0.0002x2 0.494 0.51 
2 Y = -1.27 + 0. lOX - 0.0005x2 0.613 0. 39 
3 Y = 3.65 - O.OIX + 0.0002x2 0.025 0.98 
4 Y = -1.96 + 0.14X - 0.0008x2 0.431 0.57 
5 Y 2.45 + 0.07X - 0.0003x2 0.505 0.49 
Y = maturity rating by the Kalu and Pick (1981) mean-
stage-by-count method, and X = soil-water content at irriga­
tion in % of field capacity. 
(higher water status). Their maturity rating was based on 
the mean-stage-by-count method of Kalu and Pick (1981), and 
ranged from 1.6 to 6.3. 
Leaf-to-stem ratio (LSR) 
The analysis of variance (Appendix Table Al) indicates 
a significant linear effect of irrigation level on LSR. 
There was also a significant treatment x year interaction 
arising from the difference in stress levels within 
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treatments between the two years. In 1983, linear regres­
sions of LSR on irrigation level were significant for 
Harvest 2 and Harvest 4 at the 0.05 and for Harvest 3 at the 
0.09 level of probability. In 1984, there were significant 
negative regressions of LSR on irrigation levels for Harvest 
1 and Harvest 2 at the 0.05 and for Harvest 3 at the 0.06 
level of probability (Table 11). Regressions of LSR on 
irrigation level at Harvest 2 in 1983 and 1984 are shown in 
Fig, 8. Leaf-to-stem ratio was also significantly greater 
in 1983 (range 0.53 to 1.00 kg kg than in 1984 (range 0.50 
to 0.67 kg kg"^). The greater LSR associated with increasing 
water stress may have considerable effects on herbage quality 
because, in alfalfa, leaves have greater nutritive quality 
than stems (Buxton et al., 1985; Buxton and Hornstein, 
1986). 
Similar relationships of LSR with water status in al­
falfa have been reported by others (Vough and Marten, 1971; 
Carter and Sheaffer, 1983a; Snaydon, 1972b). Leaf-to-stem 
ratios ranging from 1.29 kg kg~^ for irrigated treatments to 
1.83 kg kg ^ for unirrigated treatments were reported by 
Carter and Sheaffer (1983a). These values were higher than 
those obtained in the current experiment because the former 
was obtained under cool fall temperatures. As expected, LSR 
declined with later harvests; regression coefficients of LSR 
on days of regrowth were -0.006 and -0.001 in 1983 and 1984, 
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Table 11. Effects of irrigation level on leaf-to-stem 
ratio 
Year Harvest Model 
a p > F r2 
1983 1 Y = 1.44 - 0.008X 0.130 0.59 
2 Y 1.28 - 0.005X 0.026 0.85 
3 Y = 1.18 - 0.004X 0.086 0.68 
4 Y S 0.95 - 0.003X 0.042 0. 80 
5 Y 0.92 - 0.003X 0.162 0.53 
1984 1 Y S 0.79 - 0.002X 0.050 0.77 
2 Y = 0.76 - 0.002X 0.041 0. 80 
3 Y 0.71 - O.OOIX 0.065 0.73 
4 Y = 0.68 - O.OOIX 0.311 0. 33 
5 Y 0.46 - O.OOIX 0.411 0.23 
= leaf-to-stem ratio in kg kg~^ and X = soil-water 
content at irrigation in % of field capacity. 
respectively. The greater rate of decline in 1983 may be 
associated with the greater intensity of water stress in that 
year compared to that in 1984. 
Plant height 
Plant height increased with increasing level of irriga­
tion in all harvests of 1983 and in Harvest 1 through Harvest 
3 in 1984. Up to 99% of observed variation in plant height 
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at a given harvest was accounted for by differences in irri­
gation level (Table 12). Plants were 30 to 40% taller in 
1984 than in 1983 at comparable treatments and harvests 
(Table 12; Fig, 9). Other work reporting reduced plant 
height of alfalfa grown under water deficits include that of 
Cowett and Sprague (1962) and Perry and Larson (1974). The 
former obtained a 57% reduction in plant height in their low-
moisture treatment in comparison with that of the high-
moisture treatment. 
A linear regression of plant height on days regrowth . 
indicated mean increase in plant height of 0.4 and 0.8 cm 
day ^ of regrowth in 1983 and 1984, respectively. The faster 
rate of growth in 1984 can be attributed mainly to the more 
frequent watering schedule in 1984 compared to that in 1983, 
The absence of a significant response in plant height to 
irrigation treatment after Harvest 3 in 1984 may be a conse­
quence of the well-watered plants having attained maximum 
height by Harvest 4. 
Internode length and internode number 
Average internode length of stems, which was calculated 
by dividing stem length by the number of nodes per stem, in­
creased in a quadratic manner with irrigation level (Appendix 
Table A2 and Table 13; Fig. 10). In 1983, 87 to 99% of the 
observed variation in internode length at a given harvest was 
accounted for by differences in irrigation levels (Table 13). 
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Table 12. Effects of irrigation level on plant height 
Year Harvest Model^ P > F R2 
1983 1 Y = -43.7 + 1. 26X - 0.005x2 0.041 0.96 
2 Y = -58.9 + 1.66X - 0.007x2 0.028 0.97 
3 Y = -43.9 + 1.40X - 0.005x2 0.032 0.97 
4 Y -64. 6 + 1. 82X - 0.007x2 0.025 0.97 
5 Y = -110.0 + 3.06X - 0.015x2 0.002 0.99 
1984 1 Y = -41.5 + 1.56X - 0.007x2 0.025 0.96 
2 Y = 27.7 - 0.03X + 0.003x2 0.054 0.95 
3 Y = 36.4 - 0.06X + 0.002x2 0.031 0.97 
4 Y 16.4 + 0.84X - 0.003x2 0.147 0. 85 
5 Y -23.2 + 1.49X - 0.006x2 0.121 0. 88 
= plant height in cm and X = soil-water content at 
irrigation in % of field capacity. 
Comparable figures in 1984 were 76 to 99% (Table 13). Simi­
lar effects of water stress on alfalfa internode length were 
reported by Vough and Marten (1971), Perry and Larson (1974), 
and Brown and Tanner (1983). 
There was a significant harvest effect on internode 
length (Appendix Table Al); a regression of internode length 
on days of regrowth indicated a decrease in internode length 
with later harvests. This suggests that the rate of increase 
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Fig. 9. The effect of irrigation level on plant height 
(means and fitted curves) 
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Table 13. Effects of. irrigation level, on internode length 
Year Harvest Model® P > F r2 
1983 1 Y -0. 97 + 0.05X - O.OOOIX^ 0. 010 0.99 
2 Y -2. 51 + 0.09X - 0.0004x2 0. 004 0.99 
3 Y = -1. 29 + 0.07X - 0.0003x2 0. 129 0.87 
4 Y = -2, 58 + O.IOX - 0.0004x2 0. 072 0.93 
5 Y -2. 91 + O.llX - 0.0005x2 0. 001 0.99 
1984 1 Y = -4. 84 + 0.18X - 0.0009x2 0. 005 0.99 
2 Y 2. 61 + 0.00IX + 0.0001x2 0. 011 0.99 
3 Y 2. 11 + 0.02X - 0.0001x2 0. 010 0.99 
4 Y = 3. 69 - 0.02X + 0.0001x2 0. 241 0.76 
5 Y 2. 19 + 0.006X + 0.0001x2 0. 104 0.90 
= internode length in cm and X = soil-water content 
at irrigation in % of field capacity. 
in internode number per day exceeded that of stem length. 
Internode length also was significantly greater in 1984 
(mean 3.5 cm S.E. 0.03) than in 1983 (mean 2.8 cm S.E. 0.03), 
as a result of the greater level of water stress in 1983. 
The analysis of variance indicated a significant quad­
ratic increase in number of internodes with increasing level 
of irrigation (Appendix Table A2). When data were examined 
within harvests, however, the regression of internode number 
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against irrigation level was significant at the 0.05 level 
only at harvest 5 of 1983 (Table 14), At other harvests, 
irrigation treatment accounted for 67 to 90% of observed 
variation in internode number (Table 14). 
Water-stressed plants thus had shorter and somewhat 
fewer internodes than plants grown under high-moisture 
levels (Fig. 11). The resultant reduction of stem mass in 
water-stressed plants may partly account for their greater 
LSR. Perry and Larson (1974) reported reductions in number 
of internodes and individual internode length of primary 
stems as a result of water stress. Brown and Tanner (1983) 
indicated that internode length in alfalfa may be more sensi 
tive to water stress than internode number; they found that 
water stress two weeks after cutting had no effect on inter­
node number although internode length was reduced. In the 
current experiment, at Harvest 5 of 1983, there was a 30% 
reduction in internode length and only about 19% reduction 
in internode number between irrigation levels of 112 and 65% 
of field capacity; corresponding reductions in 1984, however 
were 18 and 16%. 
Specific leaf weight (SLW) 
The analysis of variance indicated significant year, 
harvest, and treatment effects, as well as some of their 
interactions, on SLW (Appendix Table A2). There was a sig­
nificant overall linear decline in SLW with increasing 
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Table 14. Effects of irrigation level on number of inter-
nodes 
Year Harvest Model' a P > F r2 
1983 1 Y = -6.17 + 0. 34X - 0.0017x2 0. 334 0.67 
2 Y -4.44 + 0.33X - 0.0016x2 0. 170 0.83 
3 Y -2.67 + 0.32X - 0.0016x2 0. 312 0.69 
4 Y = -3.74 + 0. 312 - 0.0012x2 0. 113 0.89 
5 Y = -12.7 + 0.60X - 0.0030x2 0. 011 0.99 
1984 1 Y = 12.50 - 0.07X + 0.0006x2 0. 205 0. 80 
2 Y -8. 32 + 0.49X - 0.0026x2 0. 169 0.83 
3 Y 15.40 - 0.06X + 0.0006x2 •0. 138 0. 86 
4 Y = 0.61 + 0.40X - 0.0021x2 0. 098 0.90 
5 Y -5.84 + 0.53X - 0.0026x2 0. 137 0.86 
= number of internodes and X = soil-water content at 
irrigation in % of field capacity. 
irrigation level (Appendix Table A2), although significant 
regressions at the 0.05 level were obtained only at Harvest 
3 of 1983 (Table 15). Specific leaf-weight, therefore, in­
creased with increasing water stress; in potatoes, high SLW 
was measured as the plants underwent severe water stress 
(Hang and Miller, 1986). A linear regression of SLW on days 
of regrowth indicated that SLW increased with later harvests 
in both years. 
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Table 15. Effects of irrigation level on specific leaf 
wei ght 
Year Harvest Model^ P > F r2 
1983 1 Y = 19.40 + 0.008X 0. 893 0.01 
2 Y 43.41 - 0.093X 0.215 0.45 
3 Y = 51.41 - 0.138X 0.010 0.98 
4 Y 52.79 - 0.158X 0.127 0.59 
5 Y = 51.37 - 0.134X 0.198 0.47 
1984 1 Y = 37.08 - 0.060X 0, 330 0. 31 
2 Y = 41.07 - 0.055X 0.267 0. 38 
3 Y = 35.61 - 0.066X 0.264 0. 39 
4 Y = 58.61 - 0.079X 0. 376 0.26 
5 Y 39.84 + 0.141X 0.367 0.27 
= specific leaf weight in g m~^ and X = soil-water 
content at irrigation in % of field capacity. 
In vitro digestible dry matter (IVDEM) 
Stem base Over the entire study, IVDEM concentration 
of stem bases declined linearly with increasing irrigation 
levels, as indicated in the analysis of variance (Appendix 
Table A3). Within harvests, regressions of IVDDM concentra­
tion in stem bases on irrigation levels were significant at 
the 0.05 level for Harvest 3 through Harvest 5 in 1983; in 
1984, they were significant at the 0.01 level in Harvest 1 
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and Harvest 4, and at the 0.08 level in Harvest 3 (Table 16). 
The concentration of IVDDM in stem bases also was significant­
ly greater in 1983 (mean 516 g kg~^ S.E, 2.5) than in 1984 
(mean 505 g kg ^ S.E. 3.6), probably as a result of the 
greater water stress in the former. These values were com­
parable to those obtained by Buxton et al. (1985) for stem 
bases of alfalfa. Figure 11 illustrates the regression of 
IVDDM concentration in stem bases of alfalfa on irrigation 
level at Harvest 4 in 1983 and in 1984. 
As expected, IVDDM concentration of stem bases declined 
with later harvests; the rate of decline was 3.7 and 1.0 g 
kg~^ day~^ of regrowth in 1984 and 1983, respectively. The 
greater rate of decline in 1984 was probably associated with 
a faster rate of plant growth in 1984 compared to that in 
1983. 
Stem tops Mean concentration of IVDDM in stem tops 
in 1983 (616 g kg ^ S.E. 3.2) was greater than that of stem 
bases (516 g kg ^ S.E. 2.5). The response of IVDDM concen­
tration in stem tops to irrigation level followed that of 
stem bases. In 1983, irrigation treatments accounted for 
77 to 98% of the observed variation in IVDDM concentration 
of stem tops (Table 17). In 1984, linear negative regres­
sions of IVDEM concentration of stem tops on irrigation level 
were significant at the 0.05 level at Harvest 3 and Harvest 
4 (Table 17). 
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Table 16. Effects of irrigation level on IVDEM concentra­
tion of stem bases 
Year Harvest Model a P > F r2 
1983 1 Y 560.22 - 0.259X 0.299 0. 34 
2 Y = 604.93 - 1.050X 0.064 0.73 
3 Y 590.65 - 0.995X 0.033 0.83 
4 Y = 654.73 - 1.468% 0.002 0.97 
5 Y = 614.31 - 1.181X 0.011 0.91 
1984 1 Y = 635.89 - 0.622X 0.004 0.95 
2 Y 616.03 - 1.139X 0.107 0.63 
3 Y = 557.67 - 0.732X 0.085 0.68 
4 Y 539.74 - 0.723X 0.009 0.92 
5 Y 515.51 - 0.343X 0.201 0.47 
= IVDDM concentration in g kg"^ dry matter and X = 
soil-water content at irrigation in % of field capacity. 
Leaves There was no significant effect of irrigation 
treatment on IVDDM concentration of leaves, nor were there 
significant differences between the two years (Appendix Table 
A3). Concentration of IVDEM in leaves was, therefore, not 
sensitive to water stress. As expected, IVDIM concentration 
of leaves declined with later harvests in 1983. In 1984, 
however, there was no significant trend in the relationship 
of IVDEM concentration in leaves with days of regrowth. 
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Table 17. Effects of irrigation level on IVDDM concentra 
tion of stem tops 
Year Harvest^ Model^ P > F r2 
1983 3 Y = 767.29 - 1.51X 0.050 0.77 
4 Y = 733.23 - 1.30X 0.001 0.98 
5 Y 774.50 - 1.85X 0.011 0.91 
1984 1 Y 733.40 - O.OIX 0.972 0.01 
2 Y = 722.38 - 0.96X 0.105 0.64 
3 Y 681.14 - 0.78X 0.008 0.93 
4 Y = 669.19 - 1.34X 0.018 
00 CO o
 
5 Y 605.52 - 0.64X 0.248 0.41 
^Samples at Harvest 1 and 2 of 1983 were not available. 
= IVDEM concentration in g kg~^ dry matter and X = 
soil-water content at irrigation in % of field capacity. 
Total herbage The analysis of variance indicated a 
significant decline in total-herbage IVDIM concentration with 
increasing irrigation level (Appendix Table A3). Within 
harvests, however, only Harvest 4 in 1983 and Harvest 2 in 
1984 showed significant relationships at the 0.05 level 
(Table 18; Fig. 13). As leaf IVDIM concentration was not 
affected by irrigation level, the reduction in IVDIM concen­
tration of total herbage was a reflection of the lower IVDOyl 
concentration of stems and a decrease in LSR with increasing 
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Table 18. Effects of irrigation level on IVDIM concentra 
tion of total herbage 
Year Harvest® Model b P > F r2 
1983 3 Y 666.14 - 0.229X 0.295 0.35 
4 Y = 700.44 - 0.597X 0.021 0.87 
5 Y g 680.58 - 0.467X 0.146 0.56 
1984 1 Y 636.57 + 0.239X 0.673 0.07 
2 Y 697.90 - 0.498X 0.077 0.70 
3 Y 646.21 - 0.153X 0.668 0.06 
4 Y 687.90 - 0.727X 0.165 0.53 
5 Y 606.09 + 0.316X 0. 376 0.26 
^Samples at Harvest 1 and 2 of 1983 were not available. 
= IVDDM concentration in g kg~^ dry matter and X = 
soil-water content at irrigation in % of field capacity. 
irrigation level. The LSR significantly declined with 
irrigation level in both harvests where IVDDM concentration 
of total herbage showed a significant response to irriga­
tion treatment (Table 11). Leaf IVDDM concentration, aver­
aged over all treatments and harvests, was about 30% greater 
than that of stems and a decline in LSR will reduce total-
herbage IVDIM concentration. 
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Crude protein (CP) 
Stem base Concentration of CP in stem bases de­
creased linearly with increasing irrigation level (Appendix 
Table A4). In 1983, the relationship between CP concentra­
tion of stem bases and irrigation level was significant at 
the 0.05 level in all harvests; but in 1984, only Harvest 1 
through Harvest 3 showed significant regressions (Table 19). 
In 1984, a linear regression of CP concentration in stem 
bases on days of regrowth was significant and it estimated 
a daily rate of decline of about 1.4 g kg"^. The lack of 
response of CP concentration in stem bases to irrigation 
level at Harvest 4 and Harvest 5 of 1984 may be a consequence 
of plants having reached minimum CP concentrations by this 
stage. In 1983, CP concentration in stem bases was not sig­
nificantly related to days of regrowth; the more severe water 
stress in 1983 may have halted a decline in CP concentration 
with age. Figure 14 shows the regression of CP concentration 
in stem bases on irrigation level at Harvest 1 and Harvest 3 
in both years. 
Stem tops Concentration of CP in stem tops was 
analyzed only in Harvest 3 through Harvest 5 of 1983. Mean 
CP concentration of stem tops, averaged over all harvests 
and treatments (163 g kg~^ S.E. 2.2), was greater than that 
of stem bases (112 g kg~^ S.E. 0.8). In all three harvests 
that CP concentration in stem tops was analyzed, increasing 
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Table 19. Effects of irrigation level on crude protein con­
centration of stem bases 
Year Harvest Model a P > F r2 
1983 1 Y 125.31 - 0.113X 0.004 0.95 
2 Y 132.15 - 0.310X 0.047 0.78 
3 Y = 137.98 - 0.322X 0.024 0. 86 
4 Y = 143.41 - 0. 308X 0.032 0.83 
5 Y 143.83 - 0.349X 0.004 0.96 
1984 1 Y 182.61 - 0. 355X 0.001 0.98 
2 Y = 151.50 - 0.386X 0.034 0. 82 
3 Y 128.36 - 0.246X 0.033 0.83 
4 Y = 109.50 - 0.029X 0.703 0.06 
5 Y = 108.50 - 0.016X 0.862 0.01 
= crude-protein concentration in g kg" dry matter 
and X = soil-water content at irrigation in % of field 
capacity. 
irrigation level resulted in decreasing CP concentration 
(Table 20). Water stress, therefore, resulted in increasing 
concentration of CP in both stem bases and stem tops. 
Leaves In contrast to CP concentration in stems, 
CP concentration in leaves increased with increasing level 
of irrigation. This response was significant at the 0.05 
level at Harvest 1 of 1983 and Harvest 5 of 1984 (Table 21; 
Fig. 15), and similar trends are suggested in several of the 
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Table 20. Effects of irrigation level on crude-protein con­
centration of stem tops 
Year^ Harvest^ Model^ P > F r2 
1983 3 Y = 227.44 - 0.65X 0.017 0.89 
4 Y = 222.57 - 0.68X 0.034 0.93 
5 Y = 227.78 - 0.69X 0.007 0.93 
^Samples were not analyzed in 1984. 
^Samples at Harvest 1 and 2 were insufficient for 
analysis. 
= crude-protein concentration in g kg~^ dry matter 
and X = soil-water content at irrigation in % of field 
capacity. 
other harvests. The contrasting response of CP concentra­
tion of stems and leaves implies differences in partitioning 
of nitrogen between the two plant components as a result of 
water stress. Conceivably, under water stress, the limited 
pool of nitrogen and other nutrients in the leaves may be 
translocated to the stems. With more severe water stress, 
the leaves would be the first plant part to die, and the 
translocation of nutrients to other plant parts would con­
serve the limited resources. 
Leaf CP concentration in 1983 (mean 314 g kg~^ S.E. 1.8) 
was less than in 1984 (mean 326 g kg~^ S.E. 1.9), probably 
because of the greater water stress in 1983. Concentration 
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Table 21. Effects of irrigation level on crude-protein 
concentration of leaves 
Year Harvest Model a P > F r2 
1983 1 Y 267.23 + 0.902X 0.009 0.93 
2 Y 269.68 + 0.490X 0.205 0.46 
3 Y 287.96 + 0.193X 0.085 0.68 
4 Y = 290.97 - 0.023X 0.888 0.01 
5 Y = 330.35 - 0.134X 0.467 0.19 
1984 1 Y = 381.22 - 0.129X 0.547 0.13 
2 Y 323.96 + 0.130X 0.406 0.24 
3 Y 297.00 + 0.068X 0.108 0.63 
4 Y = 303.39 + 0.161X 0.186 0.50 
5 Y = 277.07 + 0.372X 0.023 0.86 
Y = crude-protein concentration in g kg" dry matter 
and X = soil-water content at irrigation in % of field 
capacity. 
of CP in leaves, as expected, declined with later harvests; 
the daily rate of decline in 1984 (12.5 g kg~^) was greater 
than in 1983 (6.7 g kg~^). 
Total herbage Concentration of CP in total herbage 
was not significantly affected by irrigation treatment 
(Appendix Table A4). This was brought about by the con­
trasting responses of leaf and stem CP concentration to 
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irrigation treatment. Other workers, such as Carter and 
Sheaffer (1983a) and Vough and Marten (1971) also found in­
consistent or no effects of water stress on CP concentration 
of total herbage. Snaydon (1972b), on the other hand, found 
no significant effect of water stress on CP concentrations 
of either stems or leaves. 
Cell-wall (CW) concentration 
The CW is the least digestible component of the cell in 
contrast to the cell contents which are almost completely 
digestible (Van Soest, 1967, 1983). It is also negatively 
correlated with voluntary intake and thus is an important 
anti-quality factor. Cell-wall concentration, determined 
with neutral detergent, has been used as a basis for 
balancing dairy rations—with optimum CW concentration in 
total ration being in the range of 300 to 350 g kg~^ dry 
matter (Mertens, 1983). 
Stem base In the stem base, CW concentration in­
creased with increasing levels of irrigation (Fig. 16). The 
relationship was quadratic (Table 22). In 1983, irrigation 
level accounted for 93 to 97% and, in 1984, it accounted for 
59 to 97% of the observed variation in CW concentration of 
stem bases at a given harvest (Table 22). The mean CW con­
centration of stem bases in 1984 (646 g kg~^ S.E. 3.4) was 
greater than that in 1983 (610 g kg ^  S.E. 2.7). This was 
expected because of the faster rate of growth and increased 
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Table 22. Effects of irrigation level on cell-wall concen 
tration of stem bases 
Year Harvest Model^ P > F r2 
1983 1 Y = 446.86 + 2.22X - 0.0007x2 0.047 0.95 
2 Y 440.28 + 2.19X - 0.0033x2 0.068 0.93 
3 Y 318.03 + 5.46X - 0.022x2 0.074 0.93 
4 Y = 347.68 + 3.61X - 0.008x2 0.026 0.97 
5 Y = 223.72 + 7.25X - 0.031x2 0.017 0.98 
1984 1 Y = 287.77 + 5.47X - 0.025x2 0.112 0.89 
2 Y = 62.08 + 12.17X -- 0.023x2 0.055 0.95 
3 Y = 371.54 + 5.26X - 0.023x2 0.139 0. 86 
4 Y = 772.65 - 3.06X + 0.021x2 0.026 0.97 
5 Y 382.90 + 6.09X - 0.031x2 0.413 0.59 
= cell-wall concentration in g kg~^ dry matter and 
X = soil-water content at irrigation in % of field capacity. 
maturity in 1984, leading to increased deposition of cell 
wall and less cell solubles. By Harvest 5 of 1984, CW con­
centration of stem bases was not significantly affected, at 
the 0.05 level, by irrigation treatment, probably because 
plants had developed to an advanced maturity stage where CW 
concentration was altered only slightly with additional 
maturity. The significant quadratic effect of harvest on CW 
concentration (Appendix Table A5) lends support to this 
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contention. Buxton et al. (1986) reported CW concentration 
in stem bases of alfalfa ranging from 500 g kg~^ dry matter 
at the prebud stage up to 740 g kg"^ dry matter at the 
early-pod stage. They also found that the rate of increase 
in CW concentration of stem bases slowed at later harvests. 
The significant harvest x year interaction (Appendix Table 
A5) was brought about by a greater rate of increase in CW 
concentration in stem bases in 1984 (3.4 g kg~^ day~^) than 
in 1983 (1.0 g kg"^ day"^). 
Stem tops Concentration of CW in stem tops was 
analyzed only for Harvest 3 through Harvest 5 in 1983. In 
all three harvests, CW concentration increased linearly 
with increasing irrigation levels (Table 23). Mean concen­
tration of CW in stem tops in 1983 (510 g kg~^ S.E. 4.2) was 
less than that of stem bases (510 g kg~^ S.E. 2.7). 
Leaves Concentration of CW in leaves increased 
linearly with increasing irrigation level in all harvests 
except Harvest 1 and Harvest 2 of 1983 and Harvest 1 of 1984 
(Table 24; Fig. 17). Mean CW concentration in leaves in 
1984 (212 g kg ^ S.E. 1.0) was greater than in 1983 (201 g 
kg ^ S.E. 1.5), because of the more severe water stress in 
1983. There was, however, a greater rate of increase in CW 
concentration of leaves in 1983 with later harvests (1.4 g 
kg ^ day ^) compared to that in 1984 (1.0 g kg~^ day~^); 
thus contributing to the significant harvest x year interac-
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Table 23. Effects 
tration 
of 
of 
irrigation level 
stem tops 
on cell-wall concen-
Year^ Harvest^ Model^ P > F r2 
1983 3 Y = 331.03 + 1.82X 0.033 0. 82 
4 Y = 289.03 + 2.44X 0.019 0. 88 
5 Y = 304.49 + 2.36X 0.010 0.92 
^Samples were not analyzed in 1984. 
^Samples at Harvest 1 and 2 were insufficient for 
analysis. 
c 1 Y = cell-wall concentration of stem tops in g kg dry 
matter and X = soil-water content at irrigation in % of 
field capacity. 
tion (Table 25). Water stress did not affect CW concentra­
tion of leaves at earlier harvests (Harvest 1 of 1983; 
Harvest 1 and Harvest 2 of 1984), because the younger leaves 
would be allocating more of the photosynthates towards growth 
rather than towards CW thickening. 
Total herbage The analysis of variance indicated a 
significant linear effect of irrigation on CW concentration 
of total herbage (Appendix Table A5). Within harvests, 
however, total-herbage CW concentration significantly in­
creased with irrigation level, at the 0.05 level, in four out 
of the eight harvests» Harvest 4 and Harvest 5 of 1983, and 
Harvest 3 and Harvest 4 of 1984 (Table 25). The increase in 
CW concentration of total herbage was a cumulative effect of 
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Table 24, Effects of irrigation level on cell-wall concen 
tration of leaves 
Year Harvest Model a P > F r2 
1983 1 Y 189.34 + 0.0002X 0.928 0.003 
2 Y = 173.86 + 0.183X 0.163 0.53 
3 Y 156.46 + 0.388X 0.040 
o
 
00 o
 
4 Y = 170.86 + 0.403X 0.048 0.78 
5 Y = 154.58 + 0.765X 0.019 
00 00 o
 
1984 1 Y = 181.16 + 0.201X 0.109 0.63 
2 Y 180.33 + 0.287X 0.013 0.90 
3 Y = 189.57 + 0.209X 0.075 0.70 
4 Y = 196.36 + 0.312X 0.043 0.79 
5 Y = 188.74 + 0.368X 0.010 0.92 
Y = cell-wall concentration of leaves in g kg" dry-
matter and X = soil-water content at irrigation in % of 
field capacity. 
increases in CW concentration of both leaves and stems. 
Leaf-to-stem ratio was not significantly related to irriga­
tion level in those harvests where CW concentration of total 
herbage showed significant responses to irrigation (Table 
11); thus, LSR could not have contributed significantly to 
these responses. Regressions of total-herbage CW concentra­
tion on irrigation levels at Harvest 4 of 1983 and 1984 are 
shown in Fig. 18. Minimum CW concentration in total herbage 
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Table 25. Effects of irrigation level on cell-wall concen­
tration of total herbage 
Year Harvest^ Model^ P > F r2 
1983 3 Y = 351.50 + 0.587X 0.204 0.47 
4 Y 320.82 + 0.960X 0.024 0. 86 
5 Y 343.97 + 0.919X 0.028 0.84 
1984 1 Y = 437.28 - 0.456X 0.566 0.12 
2 Y 332.17 - 0.693X 0.142 0.57 
3 Y = 350.97 + 0.866X 0.057 0.75 
4 Y 342.15 + 0.982X 0.023 0. 86 
5 Y 362.02 + 0.599X 0.408 0. 23 
^Samples at Harvest 1 and 2 of 1983 were not available, 
= cell-wall concentration of total herbage in g kg~^ 
dry matter and X = soil-water content at irrigation in % of 
field capacity. 
in both years was about 370 g kg ^ dry matter, which was 
slightly above the optimum level for dairy rations as sug­
gested by Mertens (1983). 
Cell-wall liqnin. cellulose, and hemicellulose 
Concentration of the major components of the cell wall— 
lignin, cellulose, and hemicellulose—were expressed in terms 
of g kg~^ of cell-wall dry matter. Lignin is an important 
factor affecting forage quality because it is completely 
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indigestible in the rumen and it also reduces the digesti­
bility of cell-wall carbohydrates, especially hemicellulose, 
by forming linkages with them (Van Soest, 1983). Over a 
range of forage species, lignin was negatively correlated 
with digestibility (Van Soest, 1983). The digestibility of 
cellulose and hemicellulose is variable, depending on lig­
nification or incrustation with other inhibitors (e.g., 
silica, cutin), and also on their intrinsic chemical struc­
ture (Van Soest, 1983), Cell-wall components were analyzed 
only for stem bases and leaves. 
Lignin In both stem bases and leaves, lignin concen­
tration in the cell wall was not significantly affected by 
the continuous-stress irrigation treatments (Appendix Table 
A6). There was a significant harvest effect: lignin con­
centration increased with later harvests. In stem bases, 
lignin concentration increased at the rate of 0.3 and 0.7 g 
kg ^ day~^ in 1983 and 1984, respectively. In comparison, 
lignin concentration in cell walls of leaves increased at the 
rate of 0.03 g kg~^ day~^ in 1983, but it was not signifi­
cantly related to days of regrowth in 1984. The greater rate 
of increase in lignification of cell walls in 1984 was 
probably related to the faster rate of plant growth and 
maturation in 1984 compared to that in 1983. Lignin concen­
tration in cell walls of leaves was greater in 1984 (mean 
140 g kg"^ S.E. 0.8) than in 1983 (mean 123 g kg"^ S.E. 1.3). 
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The stability of lignin concentration within comparable plant 
maturity stages, despite environmental differences, is sup­
ported by the findings of others (D. R. Buxton and K. D. 
Kephart, Department of Agronomy, Iowa State University, 
Ames, Iowa, personal communication, 1986). 
Cellulose In stem bases, concentration of cellulose 
in cell walls increased linearly with increasing irrigation 
level (Appendix Table A6). Within harvests, however, only 
Harvest 3 of 1983 and Harvest 5 of 1984 showed significant 
responses at the 0.05 level (Table 26; Fig. 19). Cellulose 
concentration in cell walls of stem bases was greater in 
1984 (mean 628 g kg~^ S.E. 1.9) than in 1983 (mean 605 g 
kg ^ S.E. 2.5), as a result of the higher water status in 
1984. There was a significant harvest effect (Appendix 
Table A6): cellulose concentration in ceil walls of stem 
bases decreased with later harvests at the rate of 1.2 g 
kg~^ day ^ in both years. 
Cellulose concentration in cell walls of leaves also in­
creased with increasing irrigation level. Linear regression 
of leaf cellulose concentration on irrigation level were 
significant at the 0.05 level in Harvests 1, 3, and 4 of 
1983 but were not significant in any of the harvests of 1984 
(Table 27). This suggests that cellulose concentration in 
cell walls of leaves only responded to severe water stresses, 
such as those which occurred in 1983 but not in 1984. There 
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Table 25. Effects of irrigation level on cellulose concen­
tration in cell wall of stem bases 
Year Harvest Model a P > F r2 
1983 1 Y = 590.75 + 0. 33X 0.174 0.51 
2 Y = 573.48 + 0.48X 0.137 0.58 
3 Y = 550.42 + 0.56X 0.009 0.93 
4 Y 539.25 + 0.66X 0.074 0.71 
5 Y = 556.67 + 0.46X 0.216 0.45 
1984 1 Y S 629.00 + 0.20X 0.595 0.10 
2 Y = 598.63 + 0.45X 0.206 0.46 
3 Y = 611.44 + 0.20X 0.569 0.12 
4 Y 323.54 + 2.74X 0.544 0.13 
5 Y 572.04 + 0.45X 0.023 0. 86 
Y = cellulose concentration in cell wall of stem bases 
in g kg~l cell-wall dry matter and X = soil-water content at 
irrigation in % of field capacity. 
was a significant harvest effect and harvest x year inter­
action (Appendix Table A6)Î cellulose concentration in cell 
walls of leaves declined at the rate of 1.7 and 0.8 g kg ^ 
day~^ in 1983 and 1984, respectively. 
Hemicellulose In contrast to cellulose, hemicellu-
lose concentration of cell walls in stem bases and leaves 
decreased with increasing level of irrigation (Tables 28 and 
29; Fig. 20). The relationship was significant at the 0.05 
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Table 27. Effects of irrigation level on cellulose concen­
tration in cell wall of leaves 
Year Harvest Model a P > F r2 
1983 1 Y 482.44 + I.OIX 0.046 0.78 
2 Y = 548.16 + 0.39X 0.462 0.19 
3 Y = 526.99 + 0.61X 0.056 0.76 
4 Y = 420.13 + 1.55X 0.019 0. 88 
5 Y 477.78 + 0.58X 0.424 0.22 
1984 1 Y = 527.43 + 0.43X 0. 378 0.26 
2 Y = 550.44 + 0.13X 0.468 0.19 
3 Y = 536.36 - 0.16X 0.625 0.09 
4 Y = 539.14 + 0.12X 0.565 0.12 
5 Y 516'. 38 + 0. 36X 0.128 0.59 
= cellulose concentration in cell wall of leaves in 
g kg"l cell-wall dry matter and X = soil-water content at 
irrigation in % of field capacity. 
level within three harvests for stem bases (Table 28) and 
within two harvests for leaves (Table 29). Hemicellulose 
concentration in cell walls of both leaves and stems in­
creased with later harvests. In leaves, hemicellulose con­
centration of cell walls increased at a faster rate in 1983 
(2.4 g kg ^ day"^ of regrowth) than in 1984 (0.9 g kg~^ 
day ^ of regrowth). In stem bases, hemicellulose 
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Table 28. Effects of irrigation level on hemicellulose 
concentration in cell walls of stem leaves 
Year Harvest Model a P > F r2 
1983 1 Y 230.95 - 0.301X 0.344 
o
 
ro o
 
2 Y = 232.49 - 0.330X 0.129 0.59 
3 Y = 271.58 - 0.623X 0.013 0.90 
4 Y = 296.59 - 0.860X 0.021 o
 
00
 
5 Y = 254.22 - 0.398X 0.273 0. 37 
1984 1 Y 210.47 - 0.280X 0.465 0.19 
2 Y = 224.01 - 0.458X 0.122 0.60 
3 Y 210.90 - 0.236X 0.596 0.10 
4 Y = 218.28 - 0.342X 0.223 0.44 
5 Y 235.53 - 0.350X 0.032 o
 
03
 
U
) 
^Hemicellulose concentration in cell wall of stem 
bases in g kg~^ cell-call dry matter and X = soil-water con­
tent at irrigation in % of field capacity. 
concentration of cell walls increased at the rate of about 
0.7 g kg~^ day"^ of regrowth in both years. 
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Table 29. Effects of irrigation level on hemicellulose con­
centration in cell wall of leaves 
Year Harvest Model® P > F r2 
1983 1 Y 311.02 - 0.62X 0,039 0.81 
2 Y 193.67 - 0.73X 0.005 0.95 
3 Y 302.68 - 0. 36X 0. 370 0.27 
4 Y 390.02 - 0.99X 0.124 0.60 
5 Y = 338.76 - 0.29X 0.671 0.07 
1984 1 Y 305.27 - 0.60X 0. 284 0.36 
2 Y = 306.93 - 0.21X 0.071 0.72 
3 Y 328.44 + 0.08X 0.778 0.31 
4 Y = 324.18 + 0.22X 0.456 0.20 
5 Y = 189.76 + 1.38X 0.344 0.30 
Y = hemicellulose concentration in cell wall of 
leaves in g Kg~^ cell-wall dry matter and X = soil-water 
content at irrigation in % of field capacity. 
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Adjustment for Maturity, Node Number, 
and Plant Height 
One limitation in comparing nutritive value within har­
vests is that plants grown under different irrigation levels 
were at different maturity stages when sampled. Water stress 
delayed plant maturity so that within a harvest the highly 
stressed plants were generally less mature than the well-
watered plants. It is logical to attribute some of the 
higher nutritive quality of water-stressed plants to their 
less-advanced phenological development. Wilson and Ng (1975), 
in their study of water-stress effects on nutritive quality 
of tropical pasture grasses compared plants on the basis of 
a "physiological age" rather than on the basis of chrono­
logical age. The physiological age was calculated as the 
chronological age less the cumulative time until harvest 
for which the leaf-water potential was less than -1.1 MPa, 
the critical level when growth was thought to have ceased. 
In the current study, with five cutting dates and a 
numerical rating for maturity at each harvest, it was possi­
ble to examine changes in nutritive quality in relation to 
maturity for each irrigation treatment. Additionally, this 
made it possible to compare nutritive quality among treat­
ments adjusted to a common maturity stage. Because of the 
significant year x treatment interactions, the relationship 
between nutritive quality and maturity was considered 
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separately for each year. 
The Kalu and Pick (1981) staging method uses stem length 
as the basis for delineating maturity stages through the late 
vegetative (0 through 2). Because water stress shortens stem 
length, this system could underestimate the actual maturity 
of water-stressed plants. To overcome this problem, treat­
ment effects were also adjusted for differences in node 
number in place of maturity. 
Plant height was the trait that was most closely associ­
ated with irrigation level (Table 12). It would be interest­
ing to examine effects of irrigation level on nutritive 
quality after adjusting for difference in plant height; 
if treatment effects on nutritive quality are not significant 
after adjusting for differences in plant height, then it 
could be argued that effects of water stress on nutritive 
quality is mediated principally through retardation of plant 
growth. 
An analysis of covariance was conducted using plant 
maturity, node number, and plant height as covariates to 
adjust effects of irrigation treatments on nutritive quality. 
Tables 30 through 43 show the sequential sum of squares 
attributable to the covariate, irrigation treatments, and 
the covariate x treatment interaction. The sum of squares 
attributable to irrigation treatment is the adjusted sum of 
squares. The tables also show the least square means; i.e.. 
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the mean for each treatment after adjusting for differences 
in the covariate. 
In-vitro digestibility 
In 1983, the effect of irrigation on IVDEM concentration 
of stem bases was significant even after adjustment for dif­
ferences in plant maturity and number of nodes (Table 30). 
In both instances, adjusted IVDIM concentration decreased 
with increasing level of irrigation (Table 31). Irrigation-
treatment effects were, however, not significant in 1983 
when adjusted for differences in plant height (Table 30). 
Mean square for plant height was the greatest among the 
three covariates, suggesting that differences in IVDIM con­
centration of stem bases in 1983 was a consequence of re­
duced plant growth rather than from a delayed phenological 
development. Adjustment for differences in maturity and node 
number in 1984, in contrast to that in 1983, resulted in no 
significant effect of irrigation treatment (Table 30). The 
difference in adjusted treatment effects between the two 
years may be attributed to their unequal intensity of water 
stressJ in 1984, the relatively lower stress levels enabled 
plants to develop to more advanced maturity stages. Dif­
ferences in maturity rather than irrigation level was, 
therefore, the dominant factor contributing to variations in 
IVDDM concentration of stem bases. Mean squares for linear 
effects of maturity and node number were about five times 
Table 30. Mean squares in the analysis of covariance for IVDIM concentration 
of stem bases 
Source df 
Covariate 
Maturity 
1983 1984 
Node number Plant height 
1983 1984 1983 1984 
Covariate 1 27357** 114426** 22496** 151920** 36909** 157483** 
Treatment 4 3454** 1919 5242** 701 1056 2530* 
Gov X trt 4 1013 1418 320 956 840 349 
*,**Significant at the 0.05 and 0.01 levels of probability, respectively, 
in this and all subsequent tables where applicable. 
Table 31. Least square means in the analysis of covariance for IVDIM concentra­
tion of stem bases 
Irrigation 
treatment 
Covari ate 
Maturity Node number 
1983 1984 1983 1984 
Plant height 
1983 1984 
% of field 
capacity 
112 
100 
88 
77 
65 
S.E. 
g kg ^ dry matter-
509 
508 
511 
526 
549 
5.4 
499 
504 
505 
519 
516 
7.5 
503 
508 
510 
530 
542 
4.9 
503 
506 
508 
514 
512 
6 . 8  
520 
509 
511 
525 
551 
7.5 
521 
516 
509 
507 
491 
7.3 
100 
greater in 1984 than in 1983, When adjusted for differences 
in plant height, treatment effects were significant at the 
0.05 level in 1984 (Table 30). But treatment means at a 
common plant height suggested that IVDEM concentration in 
stem bases increased with irrigation level (Table 31); a 
trend which was opposite to that obtained in 1983 for 
treatment means adjusted for differences in maturity and 
node number. 
Concentration of IVDIM in leaves was not significantly 
affected by irrigation treatments (Appendix Table A3) and is, 
therefore, not considered in this discussion. Irrigation-
treatment effects on total-herbage IVDEM concentration were 
not significant when adjusted for differences in plant 
maturity, node number, and plant height in both years with 
one exception: treatment effects after adjustment for node 
number was significant in 1983 at the 0,05 level (Table 32). 
Again, mean squares for the covariates were greater in 1984 
than in 1983, suggesting a greater contribution from the 
covariates to differences in total-herbage IVDIM concentra­
tion in 1984 compared to that in 1983. 
Crude protein 
Concentration of CP in stem bases followed a pattern 
similar to that for IVDEM concentration in stem bases. In 
1983, treatment effects were significant even after adjust­
ment for maturity, node number, and plant height (Table 34). 
Table 32. Mean squares in the analysis of covariance for IVDIM concentration 
of total herbage 
Covari ate 
Source df 
Maturity 
1983 1984 
Node number Plant height 
1983 1984 1983 1984 
Covariate 
Treatment 
Gov X trt 
1 
4 
4 
5145** 
308 
133 
12814** 
686 
1198 
3030** 
581* 
197 
16946** 
604 
991 
3442** 
344 
95 
19804** 
706 
1663 
Table 33. Least square means in the analysis of covariance for IVDEM concentra­
tion of total herbage 
Covariate 
M 
o 
M 
Irrigation 
treatment 
Maturity Node number Plant height 
1983 1984 1983 1984 1983 1984 
% of field 
capacity 
112 644 632 639 633 645 640 
100 638 647 639 648 637 653 
88 646 638 642 639 644 638 
77 653 643 655 641 656 636 
65 653 650 643 650 655 650 
S.E. 5.0 6.4 4. 7 6.3 7.8 6.8 
i 
! 
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In 1984, on the other hand, treatment effects were not sig­
nificant except after adjustment for plant height. Concen­
tration of CP in stem bases in 1983 generally decreased with 
increasing irrigation levels; but in 1984, after adjustment 
for plant height, CP concentration in stem bases increased 
with increasing irrigation level (Table 35). The anomalous 
trend in the latter was also observed for IVDDM concentration 
of stem bases. 
Concentration of CP in leaves, without exception, was 
significantly affected by irrigation treatments even after 
adjustment for differences in maturity, node number, and 
plant height (Table 36). In 1983, leaf CP concentration 
was not significantly related to either plant maturity or 
plant height. This result reflects the dominant effect of 
irrigation treatments on leaf CP concentration, which was 
independent of their effects on plant maturity and on the 
other covariates. In contrast to the effects on CP in stem 
bases, increasing level of irrigation consistently resulted 
in greater CP concentration in leaves. In other words, water 
stress reduced CP concentration of leaves. 
Total-herbage CP concentration was not significantly 
affected by irrigation treatments (Appendix Table A4), This 
may be a consequence of the opposing directions between 
leaves and stem bases in their response to irrigation. 
Table 34. Mean squares in the analysis of covariance for crude-protein 
concentration in stem bases 
Covariate 
Maturity Node number Plant height 
Source df 1983 1984 1983 1984 1983 1984 
Covariate 1 596** 20770** 435** 24105** 1921** 25669** 
Treatment 4 539** 107 574** 46 208** 764** 
Gov X trt 4 34 372 44 418 32 143 
Table 35. Least square means in the analysis of covariance for crude-protein 
concentration of stem bases 
Irrigation 
treatment 
Covariate 
Maturity Node number Plant height 
1983 1984 1983 1984 1983 1984 
% of field 
capacity g kg"^ dry matter-
112 107 114 106 115 108 122 
100 108 115 108 116 109 121 
88 110 118 111 119 111 120 
77 116 120 116 118 116 114 
65 121 118 120 115 122 106 
Table 35. Mean squares in the analysis of covariance for crude-protein concen­
tration of leaves 
Covariate 
Source df 
Maturity 
1983 1984 
Node number Plant height 
1983 1984 1983 1984 
Covariate 1 1448 34730** 
Treatment 4 2702** 1122* 
Gov X trt 4 1301* 243 
2993* 31093** 221 23889** 
2519** 1291* 1971** 4512** 
1285* 330 1224 201 
Table 37. Least square means in the analysis of covariance for crude-protein 
concentration of leaves o 
Irrigation 
treatment 
Co vari ate 
Maturity Node number Plant height 
1983 1984 1983 1984 1983 1984 
% of field _1 
capacity ivy ciiry inauL-ci -
112 333 330 325 331 340 341 
100 324 330 326 331 327 338 
88 317 329 315 331 317 330 
77 318 330 317 327 319 324 
65 305 313 303 311 309 302 
S.E. 5.6 4.1 5.0 4.3 8.0 4.6 
f 
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Cell-wall concentration 
Irrigation-treatment effects on CW concentration of stem 
bases were significant even after adjustment for differences 
in plant maturity, node number, and plant height, in both 
years, with one exception: i. e., after adjustment for plant 
maturity in 1984 (Table 38). The maturity x treatment inter­
action, although significant at the 0.04 level in 1983, can 
be disregarded considering the relatively small mean square 
in comparison with the main effects. In general, adjusted 
CW concentration in stem bases increased with increasing 
level of irrigation. 
In leaves, treatment effects on CW concentration after 
adjustment for differences in plant maturity and node number 
were significant in 1984 but not in 1983 (Table 40). The 
potential for cell-wall thickening in leaves may have been 
limited by the greater water stress occurring in 1983 com­
pared to that in 1984; thus restricting differentiation in 
CW concentration among plants in 1983. On the other hand, 
in 1984, CW concentration in leaves increased with increas­
ing irrigation level. Adjustment of treatment means for 
differences in plant height resulted in a nonsignificant 
treatment effect in 1984 but a significant treatment effect 
in 1983 (Table 40). 
Cell-wall concentration in total herbage was not sig­
nificantly affected by irrigation treatments after adjusting 
Table 38. Mean squares in the analysis of covariance for cell-wall concentra­
tion of stem bases 
Covariate 
Maturity Node number Plant height 
Source df 1983 1984 1983 1984 1983 1984 
Covariate 1 53878** 131212** 54008** 167133** 99406** 189822** 
Treatment 4 9027** 4639** 13546** 3053* 2025** 1055 
Gov X trt 4 1327* 2063 648 2105 624 873 
Table 39. Least square means in the analysis of covariance for cell-wall 
concentration of stem bases 
Irrigation 
treatment 
Maturity 
1983 1984 
Covari ate 
Node number Plant height 
1983 1984 1983 1984 
% of field 
capacity g kg~^ dry matter-
112 629 658 636 655 616 639 
100 620 653 620 652 615 641 
88 609 645 611 642 609 641 
77 598 637 591 642 600 648 
65 562 626 566 632 573 656 
S.E. 5.7 7.0 5.0 6.2 7.8 6 
Table 40. Mean squares in the analysis of covariance for cell-wall concentra­
tion of leaves 
Covari ate 
Source df 
Maturity 
1983 1984 
Node number 
1983 1984 
Plant height 
1983 1984 
Covari a te 
Treatment 
Gov X trt 
1 
4 
4 
20572** 
271 
252 
9330** 
414** 
10 
18849** 
177 
497 
11369** 
346** 
42 
14268** 
793* 
289 
10759** 
161 
25 
Table 41. Least square means in the analysis of covariance for cell-wall 
concentration of leaves o 
Irrigation 
treatment 
Maturity 
1983 1984 
Covari ate 
Node number Plant height 
1983 1984 1983 1984 
% of field 
capacity g kg ^ dry matter-
112 196 218 195 218 194 213 
100 198 212 198 212 185 209 
88 196 210 199 209 196 209 
77 204 208 193 210 204 211 
65 200 209 204 210 206 214 
S.E. 3.7 1.9 3.4 1.8 5.4 2 . 2  
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for differences in plant maturity and plant height (Table 42). 
This was consistent over both years. When adjusted for dif­
ferences in node number, treatment effect was significant 
in 1983 but not in 1984. 
Summary of effects of water stress and covariates 
It is apparent from the summary shown in Table 44 that 
the effects of water stress on nutritive quality of alfalfa 
cannot be simply explained as being indirect effects of water 
stress on rates of plant growth and plant development. Plant 
characteristics such as CP concentration in leaves and CW 
concentration of stem bases were significantly affected by 
irrigation treatment in both years even after accounting for 
differences in plant maturity or node number. There were 
also characteristics, such as IVDDM and CP concentration in 
stem bases, where treatment effects could be attributed to 
plant maturity in 1984 but not in 1983. There were more 
instances of significant adjusted treatment effects in 1983 
compared to that in 1984 (Table 44)—probably because of the 
greater intensity of water stress in 1983. It seems that 
water stress affects forage quality by delaying maturity, 
but if stress is severe enough, differences in forage quality 
may be caused by other factors as well. In Panicum maximum 
var. trichoqlume, a tropical forage grass, Wilson and Ng 
(1975) found that the reduction in CW concentration of vari­
ous plant fractions largely disappeared when adjustments were 
Table 42. Mean squares in the analysis of covariance for cell-wall concentra­
tion in total herbage 
Covariate 
Maturity Node number Plant height 
Source df 1983 1984 1983 1984 1983 1984 
Covariate 1 21335** 14149** 20645** 19178** 20548** 29185** 
Treatment 4 492 2669 1085* 2310 453 830 
Gov X trt 4 147 3508* 457 2499 488 2569 
Table 43. Least square means in the analysis of covariance for cell-wall 
concentration in total herbage 
Covariate 
M 
o 
VO 
Irrigation 
treatment 
Maturity Node number Plant height 
% of field 
capacity g kg ^  dry matter-
112 411 432 423 431 395 420 
100 417 411 405 411 406 408 
88 409 413 415 412 410 412 
77 401 404 397 408 398 413 
65 406 395 415 397 419 397 
S.E. 7.6 7.5 6.5 7.5 H
 
H
 
H
 8 
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Table 44, Summary of irrigation treatment effects after 
adjustment for covariates 
Covariates 
Trait 
Plant 
part 
Maturity Node number Plant ht. 
1983 1984 1983 1984 1983 1984 
In vitro Stem base ** NS^ ** NS NS ** 
digest. Total NS NS * NS NS NS 
herbage 
Crude Stem base ** NS ** NS ** ** 
protein Leaves ** * ** * ** ** 
conc. 
Cell- Stem base ** ** ** * ** NS 
wall Leaves NS ** NS ** * NS 
conc. Total NS NS * NS NS NS 
herbage 
^NS = not significant at the 0.05 probability level. 
made for differences in physiological age. Similarly, IVDIM 
concentration of stans, which was significantly different 
between watering treatments when compared on a chronological 
basis, was similar if compared on a physiological basis. It 
would seem that the stress treatments used in that experiment 
were comparable in intensity with those obtained in 1984 of 
the current experiment. In that year, the effects of water 
stress on forage quality were mediated largely through its 
effects on the rate of plant development. In 1983, on the 
other hand, factors in addition to maturity differences were 
influencing nutritive value. Such factors may include 
Ill 
retardation of cell-wall deposition and lignification under 
severe water-stress conditions. Interestingly, total-
herbage characteristics (IVDDM and CW concentration) were 
not affected by irrigation treatments in both years after 
accounting for differences in plant maturity and plant height 
(Table 44). 
Correlations Among Nutritive Quality Characteristics 
To gain a better understanding of how water stress in­
fluences chemical composition of plant parts and how that,, 
in turn, affects forage quality, correlations of various 
characteristics were studied. Tables 45 through 50 show the 
correlation coefficients of IVDDM and CP concentrations of 
plant parts and total herbage with their cell-wall composition. 
In vitro digestibility 
In stem bases, IVDDM concentration at all harvests in 
both years was significantly correlated with CW concentra­
tion (Table 45). In contrast, concentration of lignin, 
cellulose, and hemicellulose in cell walls of stem bases were 
not significantly correlated with IVDDM concentration of stem 
bases in all but one harvest (Table 45). This implies that 
the higher digestibility under water stress, indicated by the 
significant correlation of IVDDM concentration in stem bases 
with CWSI and irrigation level (soil-water content at irriga­
tion in %FC), was associated principally with reduced cell-wall 
Table 45. Pearson correlation coefficients of stem-base 
IVDEM concentration with other stem base, plant, 
and stress parameters 
Parameters 
Crude 
Year Harvest protein Cell-wall Lignin Cellulose 
1983 1 0.62** —0.69** 0.22 0.16 
2 0.85** -0.86** -0.15 -0.06 
3 0.78** -0.91** 0.24 -0.01 
4 0.70** -0.87** -0. 33 -0.26 
5 0.90** -0.82** 0.05 0.08 
1984 1 0.83** -0.71** -0.08 0.02 
2 0. 74** -0.85** -0.24 -0.07 
3 0.50** -0.66** 0.02 0.06 
4 0.81** -0.89** 0.21 0.41* 
5 0.48* -0.69** -0.10 0.08 
^n = 25. 
^Crude protein and cell-wall concentration expressed 
in g dry matter; lignin, cellulose, and hemicellulose 
expressed in g kg-1 cell-wall dry matter. 
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Parameters 
Hemi- DM Node Irrigation 
cellulose Maturity yield number CWSI level 
-0.23 -0.29 -0. 34 -0.33 0. 31 -0.22 
0.08 -0.46* -0.66** -0. 32 0.56** -0.62** 
-0.06 -0.69** -0.74** -0.42* 0.70** -0.72** 
0. 33 -0.81** -0.80** -0.66** 0.81** -0.80** 
-0.12 -0.45* -0.73** -0.47* 0.70** -0.70** 
0.01 -0.21 —0.66* * -0.70** 0. 35 -0.34 
0.22 -0.38 -0.54** -0.65** 0.66** -0.55** 
-0.07 -0.36 -0.57** -0.35 0.64* -0.48* 
-0.30 -0.10 -0.43* -0.24 -0.17 -0.39 
-0.03 -0.22 -0. 32 -0.38 0.43* -0.25 
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deposition and was independent of cell-wall composition. 
Crude-protein and IVDIM concentration in stem bases 
were significantly correlated at all harvests, suggesting a 
similar response to water stress in both characteristics. 
In 1983, plant maturity was negatively correlated with stem-
base IVDEM concentration at all harvests except at Harvest 1 
(Table 45). In 1984, because plant maturity within harvests 
was generally not affected by irrigation treatments (Table 
10) , IVDI34 concentration in stem bases was also not related 
to plant maturity. 
Leaf IVDDM concentration was correlated with leaf CW 
concentration in Harvest 1 and Harvest 2 of 1983 and in 
Harvest 2 of 1984 (Table 46), Concentration of lignin, 
cellulose, and hemicellulose in cell walls of leaves were 
generally independent of IVDDM concentration (Table 46). 
Concentration of CP in leaves was correlated with IVDEM 
concentration at two harvests in 1983 and one harvest in 
1984 (Table 46). 
Total-herbage IVDDM concentration was correlated with 
total-herbage CW concentration at all harvests in both years 
(Table 47). Cell-wall composition (concentration of lignin, 
cellulose, and hemicellulose) was not analyzed for total 
herbage. Total-herbage CP concentration was significantly 
correlated with total-herbage IVDDM concentration in most 
harvests. In two out of the three harvests of 1983, LSR was 
Table 46. Pearson correlation coefficients of leaf IVDDM 
concentration with other leaf, plant, and stress 
parameters^ 
Parameters 
Crude 
Year Harvest protein Cell-wall Lignin Cellulose 
1983 1 0.04 -0.47* -0.13 0.33 
2 0.66** -0.56** -0.05 0.72** 
3 0.13 -0.37 -0. 30 0.19 
4 0.07 -0.21 0.03 -0.06 
6 0.70** -0.24 0.31 0.04 
1984 1 0.56** -0.23 0.02 0.38 
2 0.02 -0.44 0.26 0.19 
3 -0.36 -0.03 -0.14 -0.23 
4 0.18 -0.35 0.01 -0.19 
5 -0.40 -0. 35 0.19 -0.25 
^n = 25. 
^Crude-protein and cell-wall concentration expmssed in 
g kg~^ of dry matter; lignin, cellulose, and hemicellulose 
expressed in g kg~^ of cell-wall dry matter. 
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Parameters 
Hemi- DM Node Irrigation 
cellulose Maturity yield number CWSI level 
-0.17 -0.19 -0.20 -0.01 0.19 -0.14 
0.12 0.19 0.07 0.03 -0.06 0.13 
0.15 -0.11 -0.23 -0.32 0. 21 -0.24 
0.17 -0.05 0.04 -0.18 0.09 -0.09 
0.07 -0.04 0.02 0.18 0.05 -0.10 
-0.24 0.03 0.09 -0.14 0.08 0.14 
-0.05 -0.33 0.02 0.02 0.05 0.19 
0.31 0.39* 0.13 0.20 -0.12 0.16 
0.21 -0.40 0.14 0.09 -0.16 0.19 
0.21 -0.04 -0.50 —0.47* 0.48* -0.51* 
Table 47, Pearson correlation coefficient of total-herbage 
IVDDM concentration with selected measurements" 
Parameters^ 
Har­
Year vest THCWC THCP SBIV STIV LVIV 
1983 3 -0.87** 0.55** 0.16 0.65** 0.24 
4 -0.79** 0.37 0.51** 0.23 0.43* 
5 -0. 84** 0.54** 0.25 0.41* 0.25 
1984 1 -0.94** 0.39 0.27 0.05 0.06 
2 -0.73** 0.46** 0.24 0.39** -0.27 
3 -0.63** 0.45** 0.23 0.21 -0.14 
4 -0.71** 0.46** 0.19 0.56** 0.02 
5 -0.57** 0.50** 0.11 0.07 0.03 
^n = 25. 
^THCWC = total-herbage cell-wall concentration; THCP = 
total-herbage crude-protein concentration; SBIV, STIV, LVIV 
= stem-base, stem-top, and leaf IVDDM concentration, re­
spectively; LSR = leaf-to-stem ratio. 
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Parameters 
m Node Irrigation 
LSR Maturity yield number CWSI level 
0.42* 0.11 -0.25 -0. 31 0.26 -0.25 
0.33 0.50* -0.38 -0.23 0.54** -0.62** 
0.51** 0.55** —0.46 * -0.33 0.40** -0.41** 
-0.04 0.11 -0.11 -0.18 -0.04 0.08 
0.18 -0.26 -0.22 -0.19 0.26 -0.38 
-0.02 -0.16 -0. 21 -0.12 0.27 -0.17 
0.25 -0.46* -0.63** -0.58** 0.03 -0.44* 
0.36 -0.10 0.07 -0.05 -0.21 0.21 
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significantly correlated with total-herbage IVDDM concen­
tration. The considerably greater digestibility of leaves 
compared to stems makes the LSR an important determinant of 
total-herbage digestibility. In 1984, because of the smaller 
range of LSRs, IVDDM concentration in total herbage was not 
significantly related to LSR within harvests. Concentra­
tion of IVDIM in stem tops was also significantly corre­
lated with total-herbage IVDDM concentration at four har­
vests over the two years (Table 47). 
Crude protein 
Concentration of CP in stem bases was consistently corre­
lated with CW and IVDDM concentration of stem bases (Tables 
45 and 48). Cell-wall composition of stem bases was in­
dependent of CP concentration except at Harvest 3 of 1983 
and at Harvest 4 of 1984 (Table 48). In general, CP con­
centration of stem bases was positively correlated with 
CWSI and negatively correlated with plant dry-matter yield 
and maturity (Table 48). 
Concentration of CP in leaves, in contrast to that in 
stem bases, was inversely correlated with CWSI in three har­
vests of 1983 and one harvest of 1984 (Table 49). At Har­
vest 1 of 1984, however, CP concentration of leaves was 
positively correlated with CWSI (Table 49). Leaf CP con­
centration was also generally independent of CW concentra­
tion, in contrast to CP concentration of stem bases. In 
Table 48. Pearson correlation coefficients of stem-base 
crude-protein concentration with other stem-base, 
plant, and stress parameters^ 
Parameters 
Hemi­
Year Harvest Cell-wall Lignin Cellulose cellulose 
1983 1 -0.74** 0.16 0. 22 -0.27 
2 -0.72** -0.12 -0.12 0.14 
3 -0.81** 0.45** -0.01 -0.09 
4 -0.76** 0.04 -0. 22 0. 15 
5 -0.79** 0.13 0.06 -0. 13 
1984 1 -0.85** -0.25 0.05 0.03 
2 -0.88** -0.04 -0. 25 0. 31 
3 -0.74** 0.08 -0.17 0.13 
4 -0.88** -0.19 0.52** -0.42* 
5 -0.69** -0.10 -0.21 0. 27 
®n = 25. 
^Cell-wall concentration expressed in g kg~^ dry matter; 
lignin, cellulose, and hemicellulose concentration expressed 
in g kg~^ cell-wall dry matter. 
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Parameters 
Maturity 
EM 
yield 
Node 
number CWSI 
Irrigation 
level 
-0.35 
-0.48* 
-0.76** 
-0.58** 
-0.32 
-9.52** 
-0.59** 
-0.65** 
—0.68** 
-0.67** 
-0. 34 
-0. 30 
-0. 37 
—0.64 ** 
-0.43* 
0.44* 
0.57** 
0.61** 
0.65** 
0.65** 
-0.34 
-0.60** 
-0.62** 
-0.60** 
-0.66** 
-0.54** 
-0.37 
-0.44* 
0.15 
-0.37 
—0.71** 
-0.39* 
-0.56** 
-0.15 
-0.16 
-0.76** 
-0.64** 
-0. 38 
-0.03 
-0.12 
0.52** 
0.79** 
0.60** 
-0.16 
0.27 
-0.40* 
-0.67** 
-0.64** 
-0.13 
-0.04 
Table 49, Pearson correlation coefficients of leaf crude-
protein concentration with other leaf, plant, 
and stress parameters 
Parameters 
Hemi­
Year Harvest Cell-wall Lignin Cellulose cellulose 
1983 1 -0.05 -0.12 0. 32 -0.08 
2 -0.25 -0.12 0.56** 0.13 
3 0.01 -0.22 0. 37 -0.13 
4 0.17 0.12 0.56** -0.17 
5 -0.17 0.08 0.08 0.01 
1984 1 -0.42* 0.32 0.01 -0.01 
2 0.15 0.13 -0.13 0.12 
3 0.33 0. 33 0.10 -0. 28 
4 0.06 0.39* -0.08 0.02 
5 0.01 -0.10 0. 35 -0. 33 
^n = 25. 
^Cell-wall concentration expressed in g dry matter; 
lignin, cellulose, and hemicellulose concentration expressed 
in g kg"l cell-wall dry matter. 
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Parameters 
Maturity 
m 
yield 
Node 
number CWSI 
Irrigation 
level 
0.80** 
0.54** 
0.07 
0.07 
0.04 
0.76** 
0. 37 
0.16 
0.15 
0.02 
0.51** 
0. 33 
0.15 
0.61** 
0.35 
-0.81** 
-0.49* 
-0.46* 
-0. 24 
0.02 
0.73** 
0.42** 
0.22 
0.08 
-0.16 
-0.27 
-0.04 
0.14 
-0.23 
0.30 
-0.29 
-0.11 
-0.01 
0.27 
0.46* 
-0.36 
0. 33 
0.07 
0.03 
0.47* 
0.41* 
-0. 37 
-0. 14 
0.08 
-0.54** 
-0.12 
0.17 
0.10 
0. 31 
0.56** 
Table 50. Pearson correlation coefficients of total-herbage 
crude-protein concentration with selected 
parameters® 
Parameters 
Year Harvest THCWC SBCP S TCP LVCP 
1983 3 0.60** -0.09 0.49* 0.75** 
4 -0.10 -0.06 0.16 0.72** 
5 -0. 38 0.10 0:17 0.59** 
1984 1 -0.24 0.23 0.16 
2 -0.70** 0.19 - 0. 37 
3 -0.76** 0. 31 - 0.37 
4 -0.62** 0.08 - 0.24 
5 -0.81** 0. 31 - 0. 38 
® ®n = 25. 
^THCWC = total-herbage cell-wall concentration; SBCP, 
STOP, LVCP = stem-base, stem-top, and leaf crude-protein 
concentration, respectively; LSR = leaf-to-stem ratio. 
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Parameters 
DM Node Irrigation 
LSR Maturity yield number CWSI level 
0.60** 0.03 0.14 -0.03 -0 .24 0.01 
0.27 -0.16 0.02 0.48* -0.04 -0.01 
0.26 -0.02 0.11 0.18 -0.11 0.10 
-0.21 0.08 0.17 0.06 -0.12 0.27 
0. 32 -0.15 0.03 0.13 0.01 -0.14 
-0.01 -0.13 -0.14 -0.12 0.09 -0.07 
0.33 -0.32 -0.65** -0.48* 0.07 -0.29 
0.58** -0.14 -0.14 -0.08 -0.06 0.17 
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1983, leaf CP concentration was positively correlated with 
total-herbage CP concentration, but in 1984, the two charac­
teristics were not significantly correlated at the 0.05 level 
of probability but were at the 0.10 level in Harvests 2, 3, 
and 5 (Table 50). The more intense water stress in 1983 
caused a greater deterioration in leaf CP concentration than 
in 1984; at Harvest 3 for instance, CP concentration of 
leaves of treatment 4 (65% F.C.) was 3.2% less than that of 
treatment 8 (112% F.C.) in 1983, while the corresponding 
difference in 1984 was only 1.3%. The influence of leaf CP 
concentration on total-herbage CP concentration was, there­
fore, greater in 1983 than in 1984. Total-herbage CP concen­
tration was also correlated with total-herbage CW and IVDDM 
concentration (Table 50). 
Regressions on CWSI 
The CWSI, as a measure of plant-water stress, takes into 
account the evaporative demand of the atmosphere as well as 
soil-water deficits (Idso et al., 1981b). As such, it can be 
used to compare plant-water stress occurring at different 
locations and at different occasions, which may not be 
possible using soil-water content alone. It is of interest 
to examine how plant characteristics over the two years 
responded to water stress as measured by the CWSI. Forage-
quality traits were regressed against CWSI using mean values 
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(averaged over replicates) for each treatment, giving 10 
data points for each quality trait (5 treatments in each 
year). Data were used from only one harvest. Harvest 3, to 
minimize effects of differing plant maturities. Harvest 3 
was chosen because it occurred when plants were most likely 
to express effects of water stress on nutritive quality; 
earlier harvests may not have provided enough time for the 
effects of water stress to manifest themselves, while at 
later harvests, earlier differences may be masked by deteri­
oration of forage quality, irrespective of water stress. An 
analysis of variance showed no significant interaction of 
year x CWSI, indicating similar responses of plant charac­
teristics to CWSI in both years. 
Table 51 shows the mean CWSI for each treatment within 
each year. Values of CWSI in 1983, which ranged from 0.014 
to 0.417, were more evenly spaced between treatments than 
those in 1984, which ranged from 0.046 to 0.238. Maximum 
CWSI in 1984 was lower than that in 1983 because of the more 
frequent irrigation schedule in 1984. 
Plant growth and morphology 
A linear regression of dry-matter yield on mean CWSI 
for each treatment accounted for 86% of the observed differ­
ences in dry-matter yield among treatments and years (Fig. 
21). Plant maturity, like dry-matter yield, declined with 
increasing CWSI (r^=0.65; Fig. 22). Unlike dry-matter yield, 
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Table 51. Mean CWSI at Harvest 3 
irrigation level 
in 1983 and 1984 by 
Year 
Irrigation 
level 
1983 1984 
Mean S.E. Mean S.E. 
% of field 
capacity 
112 0.014 0.027 0.046 0.009 
100 0.161 0.019 0.071 0.023 
88 0.262 0.010 0.070 0.021 
77 0.278 0.040 0.175 0.042 
65 0.417 0.048 0. 238 0. 017 
data points for plant maturity in 1983 were all below the 
regression line, while those in 1984 were above the regres­
sion line. This suggests a dominant year effect that was 
independent of water stress. One possible factor may be that 
a second-year stand of alfalfa develops at a faster rate 
than a first-year stand. Leaf-to-stem ratios increased with 
increasing CWSI (Fig. 23), although the regression accounted 
for only 51% of the observed variation. The greater LSR in 
1983 compared to that in 1984 is evident from the distribu­
tion of plots about the regression line (Fig. 23). 
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In vitro digestibility 
Concentration of IVDIM in stem bases increased with 
increasing CWSI, the regression accounting for 78% of the 
observed variation in stem-base IVDDM concentration (Fig. 
24). There was, however, no significant relationship be­
tween IVDDM concentration in leaves with CWSI. On a total-
herbage basis, CWSI accounted for only 37% of the observed 
variation in IVDDM concentration (P=0.06; Fig. 25). 
Crude protein 
About 86% of the observed variation in CP concentration 
in stem bases was accounted for by a linear regression of 
this trait on CWSI (Fig. 26). In leaves, a quadratic model 
of CP concentration on CWSI gave a better fit than a linear 
model (Fig. 27); but the regression accounted for only 51% 
of the observed variation in CP concentration of leaves. 
Leaf CP concentration, in contrast to that of stems, declined 
with increasing CWSI up to a CWSI of 0.26 (Fig. 27). Total-
herbage CP concentration was not significantly related to 
CWSI, mainly because of the opposing response of stem and 
leaf CP concentration to increasing water stress. 
Cell-wall concentration 
About 89% of the observed variation in CW concentration 
of stem bases was accounted for by a significant negative re­
gression of this trait on CWSI (Fig. 28). A quadratic model 
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accounted for about 75% of the observed variation in CW 
concentration of leaves (Fig, 29). Similarly, CW concentra­
tion of total herbage was related to CWSI by a quadratic 
model, accounting for about 69% of the observed variation 
(Fig. 30). In all three instances, CW concentration declined 
with increasing CWSI. 
Cell-wall composition 
Among CW components, only cellulose and hemicellulose 
concentration of stem bases were significantly related with 
CWSI. Cellulose concentration in cell walls of stem bases 
decreased with increasing CWSI (Fig. 31), while hemicellulose 
concentration increased with increasing CWSI (Fig. 32). In 
both instances, the regression accounted for nearly half of 
observed variation. Lignin concentration in cell walls of 
stem bases was independent of water stress. None of the CW 
components of leaves was related to CWSI. 
Stress at Different Growth Stages 
The results and discussion so far have focused on ef­
fects of water stress applied continuously throughout the 
growth cycle of alfalfa. A second group of treatments: 
Treatments 5, 6, and 7, imposed water stress at one of three 
growth stages, namely late vegetative, bud, and flower 
stages. Water stress was imposed by skipping a 1-week 
schedule of irrigation at the respective growth stage. In 
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1983, because plants were irrigated once each week, only one 
irrigation was skipped for each stress treatment (Table 3), 
In 1984, on the other hand, two irrigations were skipped for 
plants stressed at the bud and flower stages and four irri­
gations were skipped for stress at the vegetative stage 
(Table 4), Before and after the stress periods, plants were 
irrigated to 100% field capacity, the level to which control 
plants were irrigated. 
Stress at the vegetative stage (Treatment 5) was imposed 
in the week before Harvest 1. At Harvest 1, therefore, 
nutritive quality of plants in Treatment 5 was compared with 
the mean of all treatments that were irrigated to 100% field 
capacity (Treatments 1, 6, and 7), which represented the 
control treatment at this harvest. After Harvest 1, Treat­
ment 5 was rewatered to 100% field capacity and stress at the 
bud stage (Treatment 6) was imposed. Thus, at Harvest 2, the 
control treatment was the mean of Treatment 1 and Treatment 
7 (stress at the flower stage). This remained the control 
treatment at Harvest 3 because no stress treatments were 
applied in the week before Harvest 3. The time of applica­
tion of stress at the flower stage, however, differed between 
the two years. In 1983, irrigation was skipped for this 
treatment in the week preceding Harvest 4; while in 1984, 
irrigation was skipped for this treatment preceding Harvest 
5. But plants were irrigated only 1 day before Harvest 4 in 
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1983 (Table 3). It is doubtful whether skipping irrigation 
this late for Treatment 7 would bear any effect at Harvest 4. 
It seems probable that stress effects for this treatment in 
1983 would manifest themselves at Harvest 5, although plants 
in this treatment were rewatered 3 days before Harvest 5 
(Table 3). To examine differences attributed to year, 
treatment, and their interactions, analyses of variance 
were conducted on combined data from both years. 
The analyses of variance indicated significant year 
effects in most instances. This was to be expected, con­
sidering differences in climatic factors, irrigation fre­
quencies, and the consequent stress levels between the two 
years, as discussed previously. In some instances, the 
year x treatment interaction was significant; therefore, the 
effects of stress at different growth stages will be dis­
cussed by year instead of on a combined data basis for both 
years. 
Dry-matter yield 
Stress at the vegetative and bud stages significantly 
reduced dry-matter yields in both years (Table 52). The ef­
fect of stress at the vegetative stage was significant at 
Harvest 1 and Harvest 2, when dry-matter yields were 68 to 
11% of control in both years. In 1984, rewatering of this 
treatment must have accelerated growth rates because dry-
matter yields at Harvests 4 and 5 of 1984 were not 
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Table 52. Dry-matter yield of plants stressed at different 
growth stages 
Stress Harvest number 
treatment 12 3 4 5 
g pot"^ 
1983 
Control 63 79 91 91 108 
Vegetative 49 58 81 73 79 
Bud S 71 71 81 86 
Flower - - - 93 94 
P > F 0.002 0.001 0.003 0.007 0.001 
^^^0.05 8 10 12 11 11 
1984 
Control 73 111 120 137 150 
Vegetative 56 75 86 132 149 
Bud - 85 87 128 149 
Flower - - - - 141 
P > F 0.005 0.003 0.001 0. 836 0.932 
^^^0.05 11 22 16 NSb NS 
considered as control before application of stress. 
^NS = not significant at the 0.05 level. 
significantly different from that of control (Table 52). 
Compensatory rates of growth of water-stressed plants upon 
rewatering has been reported in other species, e.g., soybean 
(Bunce, 1977; Wenkert et al., 1978). In 1983, however, there 
was no indication of compensatory growth rates on rewatering 
of plants stressed at the vegetative and bud stages; dry-
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matter yields for these plants were less than control at 
Harvests 4 and 5 (Table 52). This could be attributed to the 
less frequent watering not providing enough water to allow 
compensatory growth to take place. The CWSI of plants 
stressed at the vegetative and bud stages in 1983 were 
greater than the control at all harvests, even though they 
were rewatered after the stress periods (Table 53). This 
suggests that the plants never fully recovered from the 
stress treatments. In contrast, there was no significant 
difference in CWSI among treatments at Harvests 4 and 5 of 
1984. 
In 1983, stress at the flower stage (imposed by skipping 
watering one day before Harvest 4) did not show any effect 
on dry-matter yield at Harvest 4, but at Harvest 5 dry-matter 
yield of the stressed plants was 13% less than the control 
(Table 52). This confirms the contention that the effects 
of stress at the flower stage in 1983 would manifest them­
selves at Harvest 5 rather than at Harvest 4. In 1984, on 
the other hand, dry-matter yield of plants stressed at the 
flower stage was not significantly different from the con­
trol (Table 52). Figures 33 and 34 show the dry-matter 
yields of plants stressed at the different stages in 1983 and 
1984, respectively. 
.J-
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Table 53. CWSI of plants stressed at the different growth 
stages 
Harvest number Stress 
treatment 1 2 3 4 5 
1983 
Control 0, .056 0, .184 0, .125 0. 120 0. 121 
Vegetative 0, .125 0, .390 0. 273 0. 317 0. 288 
Bud 0. 293 0. .335 0. 243 0. 242 
Flower - - - 0. 180 0. 230 
P > F 0. ,047 0. ,001 0. ,001 0. 002 0. 002 
LSDo.05 0. ,068 0. ,089 0. ,064 0. 087 0. 073 
1984 
Control 0. 100 0. 064 0. 057 0. 098 0. 002 
Vegetative 0. 229 0. 222 0. 166 0. 052 0. 109 
Bud - 0. 128 0. 243 0. 098 0. 066 
Flower - - - - 0. 069 
P > F 0. 019 0. 041 0. 003 0. 123 0. 254 
^^°0.05 0. 104 0. 133 0. 109 NS° NS 
considered as control before application of stress 
^NS = not significant at the 0.05 level. 
Plant maturity 
In 1983, stress at the vegetative and bud stages sig­
nificantly delayed plant maturity at Harvests 1 and 2 (Table 
54; Fig. 35). The lower maturity rating of stressed plants 
compared to the control, however, did not continue through 
Harvest 3 and later harvests (Table 54). In 1984, the ef­
fects of stress at the vegetative and bud stages were evi­
dent only at Harvest 3 (Table 54; Fig, 36). Stress at the 
148 
CONTROL 
VEGETATIVE 
BUD 
FLOWER 
145 
125 
C3 
105 5= 
œ 01 
vegetative bud flower 
t 
45 25 30 35 40 50 20 
DAYS REGROWTH 
Fig. 33. Dry-matter yield of plants stressed at different 
stages in 1983 
149 
145 • 
CONTROL 
VEGETATIVE 
125 -
i 1 105 
SI 
i i  
I' 
85 
65 -
45 
BUD 
FLOWER 
vegetative bud 
0. X JU 
10 15 20 25 30 35 
DAYS REGROWTH 
40 
flower 
45 50 
Fig. 34. Dry-matter yield of plants stressed at different 
stages in 1984 
150 
Table 54. Maturity stage of plants stressed at different 
growth stages 
stress Harvest number 
treatment 12 3 4! 
1983 
Control 1.83 2.33 2.75 3.20 4.16 
Vegetative 1.36 1.71 2.87 2.65 3.27 
Bud 1.80 2.54 2.50 3.03 
Flower - - - - — 
P > F 0.002 0.001 0.626 0.242 0.167 
LSDo.05 0.26 0. 35 Nsb NS NS 
1984 
Control 2.45 3.27 4.31 4.82 6.28 
Vegetative 2.14 3.00 3.88 4.66 6.62 
Bud - 3.08 3.60 4.46 6.22 
Flower - - - - 5.94 
P > F 0.165 0.262 0.002 0.574 0.161 
^^^0.05 NS NS 0.39 NS NS 
considered as control before application of stress. 
^NS = not significant at the 0.05 level. 
flower stage had no effect on plant maturity in both years. 
The results suggest that the rate of phenological development 
of alfalfa was sensitive to water stress occurring at the 
early stages of plant growth. Rewatering of stressed plants 
resulted in compensatory gains in rate of plant development 
so that by Harvest 4, control and stressed treatments were 
at equal maturity. Stress at the flower stage had no effect 
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on plant maturity because by then plants were closer to their 
maximal stage of phenological development and they were less 
sensitive to environmental stress. 
Leaf-to-stem ratio 
Water stress at the vegetative stage had no significant 
effect on LSR at Harvest 1 and Harvest 2 in both years 
(Table 55). Stress at the bud stage, however, resulted in 
LSRs that were 23 to 25% less than control at Harvest 2 and 
Harvest 3 of 1983 (Table 55). In contrast, there was no 
significant effect of stress at the bud stage on LSR in 1984 • 
(Table 55), This could be attributed to the lower stress 
levels in 1984 compared to that in 1983 as indicated by the 
CWSI (Table 53), Low LSR in water-stressed plants, as ob­
served in 1983, was caused, in part, by leaf wilting and leaf 
abscission. At Harvest 3 of 1984, plants stressed at the 
vegetative stage had a higher LSR than the control (Table 
55), This could have resulted from a retardation in stem 
growth in plants that had undergone water stress, Rewatering 
of stressed plants must have accelerated new leaf production, 
such that at Harvest 4, LSRs were not significantly differ­
ent among treatments in both years. Stress at the flower 
stage, in both years, caused significant reductions in LSR; 
LSR in plants stressed at the flower stage was 38 and 29% 
less than the control in 1983 and 1984, respectively (Table 
55), Visual symptoms of water stress, leaf wilting and 
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Table 55. Leaf-stem ratio of plants stressed at different 
growth stages 
Harvest number 
treatment 1 2 3 4 5 
—js.y A.g — — ' 
1983 
Control 0.72 0.72 0.75 0.67 0. 58 
Vegetative 0.74 0.76 0.74 0.72 0. 60 
Bud 0.54 0.58 0.67 0. 59 
Flower - - - 0.67 0. 36 
P > F 0.845 0.001 0.004 0.581 0. 001 
LSDo.OS NS^ 0.05 0.11 NS 0. 11 
1984 
Control 0.58 0.54 0.57 0.55 0. 55 
Vegetative 0.58 0.58 0.63 0.58 0. 51 
Bud - 0.55 0.54 0.52 0. 55 
Flower - - — — 0. 39 
P > F 0.891 0. 378 0.014 0.417 0. 002 
LSDo.05 NS NS 0.06 NS 0. 07 
considered as control before application of stress. 
^NS = not significant at the 0.05 level. 
leaf loss, were clearly evident in plants stressed at the 
flower stage. The deterioration in LSR following stress at 
the flower stage could have profound effects on total-
herbage nutritive quality. Changes in LSR in plants stressed 
at different growth stages are shown in Fig. 37 and 38 for 
1983 and 1984, respectively. 
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In vitro digestibility 
Stem base In 1983, there was no significant effect 
of water stress at any of the growth stages on IVDEM concen­
tration of stem bases (Table 56). Although plants stressed 
at the vegetative and bud stages had higher IVDDM concentra­
tion in stem bases than that of control in the harvests fol­
lowing the stress periods, the differences did not reach sig­
nificance at the 0.05 level (Table 56). At Harvest 4 of 
1984, rather unexpectedly, plants stressed at the vegetative 
stage had a significantly lower IVDEM concentration in stem 
bases than that of control or plants stressed at the bud 
stage (Table 53). 
Leaves Water stress at any of the growth stages did 
not significantly affect IVDDM concentration of leaves in 
1983 (Table 57). At Harvests 3 and 4 of 1984, plants stressed 
at the bud stage had significantly greater IVDDM concentra­
tion in leaves than that of control or plants stressed at the 
vegetative stage. This could be a delayed effect of stress 
at the bud stage causing retardation of the rate of leaf 
growth and development, followed by rapid regrowth of leaves. 
Crop-water-stress index for plants stressed at the bud stage 
was also greater than that of other treatments at Harvest 3 
of 1984 (Table 57). 
Total herbage In 1983, total-herbage IVDDM concen­
tration in plants stressed at the bud and flower stages were 
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Table 56. Concentration of IVDIM in stem bases of plants 
stressed at different growth stages 
Stress 
treatment 
Harvest number 
g kg~^ dry matter-
1983 
Control 535 502 492 501 495 
Vegetative 548 530 476 520 515 
Bud 572 494 497 497 
Flower - - - 511 483 
P > F 0. 199 0.136 0.112 0.629 0.252 
^^^0.05 NS° NS NS NS NS 
1984 
Control 581 493 480 465 490 
Vegetative 586 515 507 425 455 
Bud - 501 496 457 483 
Flower - - - - 446 
P > F 0.635 0.159 0. 337 0.001 0.075 
^^^0.05 NS NS NS 19 NS 
considered as control before application of stress. 
^NS = not significant at the 0.05 level. 
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Table 57, Concentration of IVDEM in leaves of plants 
stressed at different growth stages 
Stress 
treatment 
Harvest number 
g kg~^ dry matter-
1983 
Control 774 793 772 767 767 
Vegetative 773 798 780 774 774 
Bud 792 770 763 766 
Flower - - - 772 767 
P > F 0.810 0.691 0.497 0.543 0.578 
^®°0.05 NS^ NS NS NS NS 
1984 
Control 773 770 779 759 769 
Vegetative 777 769 776 748 766 
Bud - 770 800 777 767 
Flower - - - — 780 
P > F 0.557 0.988 0.020 0.001 0.621 
^3^0.05 NS NS 14 11 NS 
considered as control before application of stress. 
^NS = not significant at the 0.05 level. 
less than that of the control at Harvest 3 and Harvest 5, 
respectively (Table 58). No measurements on total-herbage 
IVDDM were taken at Harvest 1 and Harvest 2 of 1983. In 
1984, treatment differences were not significant at all 
harvests. But there was some indication that plants stressed 
at the bud or flower stage had lower IVDDM concentration 
compared to that of control at Harvest 3 and Harvest 5, 
respectively (P=0.07 and 0.14, respectively). Concentra-
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Table 58. Concentration of IVDDM in total herbage of plants 
stressed at the different growth stages 
Stress 
treatment 
Harvest number 
g kg~^ dry raatter-
1983 
Control 539 638 526 
Vegetative 64 3 646 545 
Bud 620 644 530 
Flower — ^ 626 599 
P > F 0.001 0.241 0.001 
^SDo.05 9 NS^ 17 
1984 
Control 670 562 628 623 635 
Vegetative 669 639 649 531 622 
Bud - 538 606 621 553 
Flower - - - - 513 
P > F 0.975 0. 335 0.074 0.775 0.137 
LSD. NS NS NS NS NS 
-, considered as control before application of stress. 
b 
'NS = not significant at the 0.05 level. 
tion of IVDIM in total herbage was influenced by LSR at 
Harvest 3 and Harvest 5 (Tables 59 and 60). Leaf IVDDM 
concentration was 50% greater than that of stems; thus, LSR 
would be expected to have an impact on total-herbage IVDDM 
concentration. Concentration of IVDDM in either leaves or 
stem bases was not significantly correlated with total-
herbage IVDIM concentration (Tables 59 and 50). Total-
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Table 59. Pearson correlation coefficients of total-herbage 
quality with quality of plant parts at Harvest 3 
of the stress at different-stage treatments^ 
Total-
herbage 
quality Year 
Quality of plant parts 
IVDEM CP cw 
IVDDM 
CP 
CW 
IVDDM 
CP 
CW 
IVDDM 
CP 
CW 
Stem base 
1983 0.04 
1984 0.12 
1983 -0.01 
1984 -0.13 
1983 -0.12 
1984 -0.29 
Leaves 
1983 0.26 
1984 -0.22 
1983 0.15 
1984 -0.46* 
1983 -0.26 
1984 -0.07 
Total-herbage 
1983 
1984 
1983 0.51* 
1984 0.70** 
1983 -0.84** 
1984 -0.73** 
•0.22 
0 .00  
-0.05 
0.24 
0 .02  
•0.24 
0.23 
0.40 
0.62** 
0.60** 
•0.21 
•0.13 
0.51* 
0.70** 
•0.63** 
•0.76** 
•0.03 
•0.28 
0. 34 
•0.28 
0.06  
0.45* 
-0.29 
0 . 1 6  
-0.35 
0.41 
0.42 
0.05 
LSR 
0.68** 
0. 30 
0.67** 
0. 38 
•0 .66**  
•0.49* 
IVDEM = _in vitro digestible dry-matter concentration; 
CP = crude-protein concentration; CW = cell-wall concentra­
tion; LSR = leaf-to-stem ratio; n = 20. 
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Table 60. Pearson correlation coefficients of total-herbage 
quality with quality of plant parts at Harvest 5 
of the stress at different-stage treatments® 
Total-
herbage 
quality Year 
Quality of plant parts 
IVDEM CP CW 
IVDm 
CP 
CW 
IVDDM 
CP 
CW 
IVDDM 
CP 
CW 
stem base 
1983 0.37 0.27 
1984 0.32 0.07 
1983 0.39 0.27 
1984 0.50* 0.21 
1983 -0.41 -0.30 
1984 -0.27 -0.06 
Leaves 
1983 0.40 0.72** 
1984 -0.08 0.54* 
1983 0.24 0.76** 
1984 -0.23 0.72** 
1983 -0.34 -0.51* 
1984 0.25 -0.42 
Total herbage 
1983 - 0.94** 
1984 - 0.81** 
1983 0.94** 
1984 0.81** 
1983 -0.86** -0.87** 
1984 -0.83** -0.73** 
0. 33 
-0.24 
• 0 . 2 8  
•0.29 
0. 36 
0.33. 
-0.59** 
-0. 30 
-0.50* 
- 0 . 2 0  
0.65** 
0.50** 
LSR 
0.83** 
0.69** 
0.84** 
0.81** 
0.78** 
0.50** 
IVDIM = iji vitro digestible dry-matter concentration; 
CP = crude-protein concentration; CW = cell-wall concentra­
tion; LSR = leaf-to-stem ratio; n = 20. 
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herbage IVDDM concentration was significantly correlated 
with cell-wall concentration of total herbage in both years 
(Tables 59 and 60), Figures 39 and 40 illustrate effects of 
stress at different growth stages on IVDIM concentration of 
total herbage in 1983 and 1984, respectively. 
Crude protein 
Stem base In both years, stress at the vegetative 
stage increased CP concentration in stem bases at Harvest 1 
and Harvest 2 (Table 61). Similarly, plants stressed at the 
bud stage had CP concentration in stem bases that was greater 
than that of control at Harvest 2 of 1983 and at Harvest 3 
of 1984. The greater CP concentration in stem bases of 
stressed plants was consistent with the result obtained in 
the continuous-stress treatments. Stress retards stem elonga­
tion and causes a concentration of nutrients. Stress at the 
flower stage had no significant effect on stem-base CP con­
centration, possibly because CP concentration in stem bases 
had reached its minimum level at this advanced stage of plant 
development. 
Leaves In contrast to CP concentration of stem bases, 
CP concentration in leaves decreased when stressed at any of 
the growth stages (Table 62). Rewatering of plants that were 
stressed at the vegetative stage caused a rapid recovery in 
leaf CP concentration such that, at Harvest 2, leaf CP 
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Table 61, Crude-protein concentration in stem bases of 
plants stressed at different growth stages 
Stress Harvest number 
treatment 12 3 
g kg"^ dry matter-
1983 
Control 113 . 99 106 110 110 
Vegetative 123 115 105 120 118 
Bud & 116 111 108 110 
Flower - - - 119 111 
P > F 0.001 0.001 0.154 0.232 0.644 
^^°0.05 5 8 NS^ NS NS 
1984 
Control 148 112 105 103 107 
Vegetative 156 130 115 102 108 
Bud - 113 110 104 109 
Flower - - - - 105 
P > F 0.015 0.001 0.001 0. 827 0.717 
7 9 5 NS NS 
considered as control before application of stress. 
^NS = not significant at the 0.05 level. 
concentration in stressed plants was not significantly differ­
ent from that of control. Rewatering of plants that were 
stressed at the bud stage in 1983 also caused a recovery in 
leaf CP concentration in the subsequent harvest, but in 1984, 
recovery was only evident at Harvest 4 (Table 62). It is 
interesting to note that, at Harvest 4 of 1983, skipping 
irrigation for the stress-at-the-flower-stage treatment just 
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Table 62, Concentration of crude protein in leaves of 
plants stressed at the different growth stages 
Stress 
treatment 
Harvest number 
—g kg 
1983 
-1 dry matter-
Control 351 317 309 300 313 
Vegetative 312 319 311 293 333 
Bud ^ S 282 301 307 316 
Flower - - - 278 309 
P > F 0.002 0.001 0.401 0.006 0.001 
^^°0.05 22 19 NS^ 15 10 
1984 
Control 369 334 304 320 315 
Vegetative 353 334 315 333 322 
Bud - 317 280 321 322 
Flower - - - - 284 
P > F 0.015 0.001 0.001 0.096 0.002 
LSDo.05 14 8 13 NS 19 
-, considered as control before application of stress. 
NS = not significant at the 0.05 level. 
one day before the harvest produced a significant effect on 
leaf CP concentration. This underscores the sensitivity of 
leaf concentration to changes in plant-water status. The 
effects of stress at different growth stages on CP concen­
tration in leaves are shown in Figs. 41 and 42 for 1983 and 
1984, respectively. 
The lower CP concentration in stressed leaves, especially 
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at the vegetative stage, could be attributed to reduced 
nitrate-reductase activity and protein synthesis that are 
commonly associated with moderate water stress (Hsiao and 
Acevedo, 1974). In the situation of stress at the bud and 
flower stages, because of the obvious wilting of leaves, a 
more likely explanation is the increased senescence of leaves 
induced by water stress, Wilson (1968) showed that water 
stress accelerated leaf senescence in maize. In sunflower 
and tobacco, water stress induced the conversion of protein 
in wilted leaves to asparagine and glutamine, which were 
translocated to younger leaves where they were resynthesized 
to protein (Mothes, 1928, quoted by Levitt, 1980). Water-
stress effects on protein breakdown are rapid. In maize, free 
amino acids increased 20% within the first 6 h of exposure to 
a water stress, and more than 250% after exposure for 48 h, 
when the water potential of the leaves had dropped to -1.8 
MPa (Barlow et al., 1976). In the current experiment, amino 
acids from protein breakdown in wilted leaves may have been 
translocated to stems, as evidenced by the greater CP concen­
tration in stem bases of stressed plants compared to that of 
control. There also is evidence that recovery of protein syn­
thesis by water-stressed leaves on rewatering is rapid. 
Brandie et al. (1977) showed that protein synthesis decreased 
48% during dehydration of black locust, but it recovered to 
73% of original value within 48 h of rewatering. The rapid 
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recovery of CP concentration of alfalfa leaves which were 
stressed at the vegetative and bud stages was in accord 
with this trend. 
Total herbage In 1984, stress at the vegetative stage 
did not significantly affect CP concentration in total herbage, 
either at Harvest 1 or Harvest 2 (Table 53). Data for Harvest 
1 and Harvest 2 were not available in 1983. In both years, 
plants stressed at the bud stage had total-herbage CP con­
centrations that were less than that of control at Harvest 3, 
but this did not reach significance at the 0.05 level (Table 
63). In the same harvest, concentration of CP in total 
herbage of plants which were stressed at the vegetative stage 
was significantly greater than that of plants which were 
stressed at the bud stage (Table 63). At Harvest 4 in both 
years, there were no significant differences between treat­
ments, suggesting that rewatering of stressed plants caused 
considerable recovery in CP concentration of total herbage. 
Stress at the flower stage resulted in a significant decrease 
in CP concentration of total herbage at Harvest 5 in both years 
(Table 63). New regrowths, observed at Harvest 5 of 1983 and 
Harvest 4 of 1984, may have caused the overall increase in 
total-herbage CP concentration shown in Figures 43 and 44. 
Total-herbage CP concentration was correlated signifi­
cantly with LSR at Harvest 5 in both years and at Harvest 3 
in 1983 (Tables 59 and 60). Leaf CP concentration was about 
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Table 63. Concentration of crude protein in total herbage 
of plants, stressed at the different growth stages 
Stress 
treatment 
Harvest number 
Control 
Vegetative 
Bud 
Flower 
P > F 
-1 
—g kg dry matter-
1983 
209 
215 
20^ 
0.038 
11 
1984 
207 
208 
206 
228 
0.580 
NS^ 
212 
233 
215 
186 
0 .001  
12 
Control 247 235 192 211 219 
Vegetative 236 225 208 215 205 
Bud - 236 178 202 223 
Flower - - - - 195 
P > F 0. 248 0.840 0.030 0.407 0.022 
NS NS 21 NS 18 
-, considered as control before application of stress. 
NS = not significant at the 0.05 level. 
three times greater than that of stem bases; therefore, plant 
with high LSR would be expected to have a greater CP concen­
tration in total herbage. Stress at the vegetative stage 
did not affect LSR; thus, CP concentration in total herbage 
was also not significantly affected. 
Besides LSR, total-herbage CP concentration was also sig 
nificantly correlated with leaf CP concentration at Harvest 3 
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and Harvest 5 in both years (Tables 59 and 60). In both 
instances, leaf CP concentration declined under stress. 
Stem-base CP concentration, which increased under stress, was 
not correlated with total-herbage CP concentration. Cell-
wall concentration in total herbage was negatively correlated 
with CP concentration (Tables 59 and 50). 
Cell-wall concentration 
Stem base In both years, only stress at the vegeta­
tive stage had a significant effect on stem-base CW concentra­
tion (Table 64). At Harvest 1 and Harvest 2, plants stressed 
at the vegetative stage had a stem-base CW concentration that 
was significantly less than that of control (Table 64). Stress 
at later stages of growth did not affect CW concentration of 
stem bases, probably because stem-base CW concentration had 
almost reached the maximum levels by Harvest 2. In 1984, for 
instance, CW concentration of stem bases of control at Harvest 
2 increased by 14% from Harvest 1, but that at Harvest 5 in­
creased by only 2% from Harvest 2 (Table 64). 
Leaves Leaf CW concentration was less affected by 
water stress than stem-base CW concentration. A significant 
effect was obtained only at Harvest 1 of 1984, when stress at 
the vegetative stage reduced CW concentration of leaves 
(Table 65). 
Total herbage Total-herbage CW concentration was af­
fected by stress only at the flower stage in 1983 (Table 66). 
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Table 64. Cell-wall concentration of stem bases in plants 
stressed at different growth stages 
stress Harvest number 
treatment 12 3 4 5 
•g kg~^ dry matter-
1983 
Control 600 631 639 639 641 
Vegetative 561 583 640 603 601 
Bud 603 ' 623 629 637 
Flower - - - 611 648 
P > F 0.001 0.011 0.451 0.376 0.136 
LSDq 20 34 NS° NS NS 
1984 
Control 585 669 672 685 681 
Vegetative 555 623 660 705 675 
Bud - 653 658 698 666 
Flower — — — — 686 
P > F 0.001 0.006 0.126 0.065 0.281 
LSDQ Qg 15 29 NS NS NS 
considered as control before application of stress, 
^NS = not significant at the 0.05 level. 
There was about a 10% greater CW concentration in plants 
which were stressed at the flower stage compared to that of 
control. This can be attributed largely to the low LSR of the 
stressed plants. Total-herbage CW concentration was signifi­
cantly correlated with LSR in both years at Harvest 3 and 
Harvest 5 (Tables 59 and 60). Stem-base CW concentration was 
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Table 65. Concentration of cell walls in leaves of plants 
stressed at different growth stages 
Stress 
treatment 
Harvest number 
g kg~^ dry matter-
1983 
Control 187 191 198 214 236 
Vegetative 189 181 196 214 223 
Bud _a 188 207 216 232 
Flower - - - 221 241 
P > F 0.821 0.527 0.405 0.739 0.146 
^SDg.OS NS^ NS NS NS NS 
1984 
Control 201 210 212 230 224 
Vegetative 186 206 210 230 221 
Bud - 206 200 220 227 
Flower - - - - 228 
P > F 0.001 0.391 0.110 0.104 0.657 
^^^0.05 10 NS NS NS NS 
considered as control before application of stress. 
^NS = not significant at the 0.05 level. 
about three times greater than leaf CW concentration; thus, 
the smaller proportion of leaves in plants which were stressed 
at the flower stage would be expected to elevate total-
herbage CW concentration. Nutritive value of total herbage 
was closely associated with total-herbage CW concentration, 
as shown by their significant correlations with IVDIM and CP 
concentrations in total herbage (Tables 59 and 60). 
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Table 65. Concentration of cell walls of total herbage in 
plants stressed at the different growth stages 
Stress 
number 
Harvest number 
—g kg 
1983 
-1 dry matter-
Control 412 422 444 
Vegetative 407 395 422 
Bud 427 415 435 
Flower B. 414 490 
P > F 0.128 0.105 0.001 
^^°0.05 NS NS 27 
1984 
Control 393 379 445 425 413 
Vegetative 383 403 411 434 426 
Flower - 413 446 454 391 
Flower - - - - 428 
P > F 0. 365 0.288 0.156 0.277 0.248 
LSDo.oS NS NS NS NS NS 
-, considered as control before application of stress. 
^NS = not significant at the 0.05 level. 
Cell-wall composition 
Stress at different growth stages had little significant 
effect on composition of cell walls (Tables 67 through 72). 
Lignin concentration in cell walls of stem bases and leaves 
increased with stress at the bud stage in 1983 (Tables 57 and 
68). This result contrasted with that of the continuous-
stress treatments, where lignin concentration in cell walls 
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Table 67. Concentration of lignin in cell walls of stem 
bases in plants stressed at different growth 
stages 
Stress 
treatment 
Harvest number 
-1 
—g kg cell wall-
1983 
Control 166 177 178 178 178 
Vegetative 171 177 178 187 175 
Bud _ a 184 187 180 183 
Flower - - - 180 179 
P > F 0.261 0. 305 0.021 0.483 0.641 
LSDg.os NS^ NS 7 NS NS 
1984 
Control 162 174 183 187 180 
Vegetative 166 183 182 191 188 
Bud - 177 197 196 190 
Flower - - - - 187 
P > F 0.452 0.357 0.357 0. 526 0.245 
^^°0.05 NS NS NS NS NS 
-, considered as control before application of stress. 
^NS = not significant at the 0.05 level. 
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Table 68. Concentration of lignin in cell walls of leaves 
of plants stressed at different growth stages 
Stress 
treatment 
Harvest number 
g kg 
1983 
-1 
cell wall-
Control 
Vegetative 
Bud 
Flower 
P > F 
^SDo.05 
166 
171 
a 
0.325 
NS° 
118 
132 
125 
0 . 2 8 2  
NS 
112 
120 
138 
0.006 
17 
125 
132 
120 
119 
0. 373 
NS 
131 
124 
134 
111 
0.157 
NS 
1984 
Control 145 140 132 139 142 
Vegetative 146 133 132 132 146 
Bud - 130 149 146 142 
Flower - - - - 149 
P > F 0.865 0.186 0.066 0.026 0.532 
LSDn nc: NS NS NS 10 NS 
considered as control before application of stress. 
^NS = not significant at the 0.05 level. 
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Table 69. Concentration of hemicellulose in cell walls 
of stem bases of plants stressed at different 
growth stages 
Harvest number Stress 
treatment 12 3 4 5 
— 
g kg cell wall 
1983 
Control 196 213 210 213 222 
Vegetative 177 225 227 218 235 
Bud 3 202 202 219 248 
Flower - - - 230 215 
P > F 0.051 0.611 
NS° 
0.430 0.740 0.447 
LSDn nc 19 NS NS NS 
1984 
Control 182 194 179 185 199 
Vegetative 177 202 182 207 202 
Bud - 176 188 195 197 
Flower - - - - 194 
P > F 0.625 0.254 0. 254 0.242 0.777 
LSD- NS NS NS NS NS 
considered as control before application of stress. 
^NS = not significant at the 0.05 level. 
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Table 70. Concentration of hemicellulose in cell walls of 
leaves of plants stressed at different growth 
stages 
Stress 
treatment 
Harvest number 
g kg 
1983 
-1 
cell wall-
Control 
Vegetative 
Bud 
Flower 
P > F 
^^^0.05 
196 
177 
a 
0.664 
NS^ 
271 
248 
268 
0.569 
NS 
280 
268 
257 
0. 363 
NS 
306 
307 
272 
281 
0.265 
NS 
326 
310 
301 
308 
0.454 
NS 
1984 
Control 263 273 319 299 279 
Vegetative 260 307 320 302 278 
Bud - 284 345 303 300 
Flower — — — — 283 
P > F 0.831 0.014 0.342 0.895 0.233 
LSDq NS 25 NS NS NS 
considered as control before application of stress. 
^NS = not significant at the 0.05 level. 
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Table 71. Concentration 
stem bases of 
growth stages 
of cellulose in cell walls of 
plants stressed at different 
Stress Harvest number 
treatment 12 3 
g kg"^ cell wall-
1983 
Control 631 617 605 605 598 
Vegetative 633 608 608 589 587 
Bud 610 607 599 578 
Flower - - - 543 602 
P > F 0.845 0. 580 0.961 0.166 0. 216 
^®°0.05 NS^ NS NS NS NS 
1984 • 
Control 654 631 637 627 621 
Vegetative 657 614 600 602 609 
Bud - 647 614 609 612 
Flower - - - - 618 
P > F 0.734 0.104 0.087 0.098 0.668 
LSDn oc NS NS NS NS NS 
considered as control before application of stress. 
^NS = not significant at the 0.05 level. 
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Table 72. Concentration of cellulose in cell walls of 
leaves of plants stressed at different growth 
stages 
Harvest number Stress 
treatment 12 3 4 5 
g kg""^ cell wall 
1983 
Control 601 595 585 577 525 
Vegetative 584 579 587 544 545 
Bud 576 575 583 547 
Flower - - - 571 542 
F > F 0.354 0.207 0.732 0.085 0.499 
^^^0.05 NS^ NS NS NS NS 
1984 
Control 576 577 537 553 560 
Vegetative 580 550 540 552 556 
Bud - 575 505 544 538 
Flower - - - - 560 
P > F 0.735 0.008 0.097 0.718 0.270 
NS 19 NS NS NS 
considered as control before application of stress. 
^NS = not significant at the 0.05 level. 
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was independent of stress. Concentration of hemicellulose 
in cell walls of leaves increased with stress at the vegeta­
tive stage at Harvest 2 of 1984 (Table 70). At the same 
time, cellulose concentration in leaves declined with stress 
at the vegetative stage (Table 72). 
Relationship with the CWSI 
The analyses of variance shown in Tables 73 to 77 include 
the linear effects of CWSI and their interactions with year 
and harvest effects, on various plant characteristics. In all 
instances, the interactions were not significant, indicating 
that the responses of plant characteristics to CWSI in both 
years and over all harvests were similar. The harvest effects 
were significant for all plant characteristics that were 
considered. 
Dry-matter yield and plant maturity were significantly 
related to CWSI (P<0.01, Table 73); both variables declined 
with increasing CWSI (Table 77). Leaf-to-stem ratio, however, 
was not affected by CWSI (Table 73). This was also evident 
from the observation that, at Harvest 5 in both years, plants 
stressed at the flower stage had more severe leaf losses than 
those stressed at the vegetative or bud stages (Table 55), 
despite there being no significant differences in CWSI among 
the treatments (Table 53). 
Concentration of IVDDM in stem bases, leaves, and total 
herbage was not significantly affected by CWSI (Table 74), 
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Table 73. Analysis of variance for yield, maturity, and 
leaf-stem ratio in the stress-at-different-
stages treatments 
Mean scruares 
Source of Leaf-stem 
variation df Yield Maturity ratio^ 
Year (Y) 1 49733** 121.4** 634** 
Replicate 4 1459 0.7 7 
Error a 4 331 0.4 6 
Harvest (H) 4 18781** 46.3** 119** 
H X Y 4 3936** 7.2** 22** 
Error b 32 497 0. 3 5 
CWSI 1 9743** 3.4** 3 
CWSI X Y 1 77 0.5 4 
CWSI X H 4 318 0.1 18 
CWSI X Y X H 4 127 0.4 23 
Error c 140 251 0. 3 10 
Total 199 1047 2.0 15 
CV % 16.9 15.2 16. 5 
^These values are multiplied by 10^. 
Table 74. Analysis of variance of IVDDM concentration in plant parts and total 
herbage in the stress-at-different-stages treatments 
Stem base Stem tops Leaves Total herbage Source of ^— 
variation df MS df MS df MS df MS 
Year (Y) 1 7410* 1 1461 1 829 1 1124 
Replicate 4 4295 4 1755 4 1370 4 2092 
Error a 4 953 4 2107 4 2076 4 402 
Harvest (H) 4 44528** 4 11747** 4 1865** 4 7408^ 
H X Y 4 14231** 3 5660** 4 1703** 2 1709 
Error b 32 1030 26 744 32 159 24 788 
CWSI 1 1137 1 4825* 1 604 1 10 
CWSI X Y 1 1838 1 482 1 307 1 1 
CWSI X H 4 1254 4 1463 4 22 4 1322 
CWSI X Y X H 4 1108 3 151 4 66 2 714 
Error c 139 938 115 795 139 182 112 574 
Total 198 2218 166 3772 198 306 159 844 
CV % 5.1 4.6 1.7 3 
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Table 75. Analysis of variance of crude-protein concentra­
tion in plant parts and total herbage in the 
stress-at-different-stages treatments 
Source of 
variation 
Stem base Leaves Total herbage 
df MS df MS df MS 
Year (Y) 1 1756* 1 7107* 1 1786 
Replicate 4 74 4 994 4 1662 
Error a 4 115 4 736 4 670 
Harvest (H) 4 4335** 4 15225** 4 7796** 
H X Y 4 3174** 4 3006** 2 683 
Error b 32 76 32 218 24 305 
CWSI 1 1519** 1 2237** 1 212 
CWSI X Y 1 164 1 197 1 95 
CWSI X H 4 124 4 305 4 355 
CWSI X Y X H 4 52 4 426 2 468 
Error c 140 58 139 278 111 421 
Total 199 228 198 697 158 635 
CV % 6.7 5.2 9. 5 
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Table 76. Analysis of variance for cell-wall concentration 
of plant parts and total herbage in the stess-
at-different-stages treatments 
Source of 
variation 
Stem base Leaves Total herbage 
df MS df MS df MS 
Year (Y) 1 62743** 1 3732* 1 4405 
Replicate 4 5175 4 508 4 2044 
Error a 4 1130 4 233 4 1270 
Harvest (H) 4 37183** 4 9753** 4 8579** 
H X Y 4 9749** 4 1077** 2 10687** 
Error b 32 683 32 153 24 974 
CWSI 1 18429** 1 801* 1 874 
CWSI X Y 1 873 1 151 1 505 
CWSI X H 4 732 4 62 4 589 
CWSI X Y .x H 4 312 4 209 2 595 
Error c 140 560 140 135 112 910 
Total 199 2007 199 381 159 1281 
CV % 3.7 5.6 7.2 
190 
Table 77. Slopes of regression of plant growth and quality-
variables on CWSI over both years and all harvests 
Variable Slope P > T 
Std. error 
of estimate 
Yield 
Maturity 
IVDIM conc, 
(stem tops) 
Crude-protein conc. 
(stem base) 
Crude protein conc. 
(leaves) 
Cell-wall conc. 
(stem base) 
Cell-wall conc. 
(leaves) 
-113 
-3.9 
117 
12 
-60 
-131 
-29 
0.0001 
0.0001 
0.0066 
0.1908 
0.0002 
0.0001 
0.0165 
18. 3 
0.82 
42.7 
9.2 
15.7 
25.9 
11.8 
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but in stem stops, IVDDM concentration increased linearly 
(Table 77). It should be pointed out that IVDDM concentra­
tion in stem bases and leaves were not significantly affected 
by the stress treatments and this may be a factor for the 
absence of a significant response of these characteristics 
to the CWSI. 
Crude-protein concentration in stem bases and leaves 
was significantly affected by CWSI (P<0.01; Table 75); in 
stem bases, CP concentration increased somewhat (P<0.20), 
while in leaves, CP decreased (P<0.01) with increasing CWSI 
(Table 77). Although CP concentration in total herbage was 
significantly affected by stress treatments at Harvests 3 
and 5 in both years (Table 63), it did not show any signifi­
cant response to the CWSI (Table 75). This was largely a 
consequence of the correlation of total-herbage CP concentra­
tion with the LSR, especially at Harvest 3 and Harvest 5 
(Table 59); because LSR did not respond to CWSI, CP concen­
tration of total herbage was also independent of CWSI. The 
insensitivity of the CWSI to symptoms of abrupt water stress, 
such as leaf wilting and leaf losses, limits its use in pre­
dicting quality of total herbage under these stress treatments. 
Cell-wall concentration of stem bases and leaves de­
creased with increasing CWSI (Tables 76 and 77), but CW con­
centration of total herbage was not significantly related 
to the CWSI. This, too, can be attributed to the association 
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of total-herbage CW concentration with the LSR (Table 59). 
It is apparent that, although the CWSI relates to the 
quality of plant parts, it had no bearing on the quality of 
total herbage. The abrupt water stress, which was charac­
teristic of the stress-at-different-stages treatments, af­
fects total-herbage forage quality primarily through its 
effects on the LSR. In general, total-herbage quality de­
teriorates when stressed at the bud and more so at the flower 
stage, following leaf wilting and leaf losses. Additionally, 
the CWSI as a measure of physiological stress may be depen­
dent on the age of the plant (Pinter and Reginato, 1982); 
therefore, CWSI of plants stressed at the vegetative stage 
may not be comparable with that of plants stressed at the 
flower stage. 
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CONCLUSION 
Continuous-Stress Treatments 
Quality of plant parts and total herbage 
Results from the "continuous-stress" treatments showed 
that water stress increases forage quality of alfalfa. The 
nutritive quality of stems was more affected by water stress 
than that of leaves or total herbage. Concentration of IVDEM 
and CP of stem bases and stem tops increased with increasing 
water stress. In contrast, IVDDM concentration of leaves was 
unaffected by water stress while its CP concentration de­
creased with increasing water stress. Concentration of CP in 
total herbage was independent of water stress mainly because 
of the contrasting responses between leaf and stem CP con­
centrations to increasing water stress. Total-herbage IVDEM 
concentration increased with increasing water stress largely 
because stem IVDDM concentration and LSR increased with in­
creasing water stress. 
Concentration of CW in stems, leaves, and total herbage 
declined under water stress. In stems and total herbage, 
the lower CW concentration under water stress was signifi­
cantly associated with increasing IVDDM and CP concentrations. 
The composition of cell walls changed little with water 
stressI concentration of lignin in cell walls of stems and 
leaves was unaffected by water stress; concentration of 
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cellulose in cell walls decreased while that of hemicellulose 
increased with increasing water stress. 
Maturity effects 
There have been suggestions that plants grown under 
water stress are higher in quality because they are physio­
logically younger than plants grown under optimum water 
supply. But results from the current study, especially in 
1983, show that differences in plant maturity among plants 
grown under different irrigation treatments did not fully 
account for their differences in forage quality. Similarly, 
taking into account the effects of differences in node number 
and plant height did not completely remove effects of water 
stress on forage quality. Clearly, there were additional 
factors that contributed to differences in forage quality of 
alfalfa grown under varying degrees of water stress. 
Yield vs quality 
The fact that the forage quality of alfalfa was higher 
when grown under water stress does not imply that plants 
should be deliberately stressed to obtain high-quality forage, 
even if this could be done in commercial production. The re­
duction in yield under a water stress outweighs increases in 
quality. For example, when the two extreme irrigation treat­
ments at Harvest 4 in 1984 are compared, it can be seen that, 
although IVDIM and CP concentration was higher under water 
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stress, the yield of IVDIM and CP was less than that of the 
well-watered plants (Table 78), 
Table 78. Dry-matter yield, IVDDM, and CP in total herbage 
in plants irrigated to 112 and 65% field capacity 
at Harvest 4 in 1984 
Irrigation 
level 
DM 
yield — — — — •IVDIM Crude protein 
% field 
capacity 
g po-_ 
tometer 
g kg" 
DM 
^ g po-_ 
tometer 
g kg"l 9 PO-_l 
tometer 
112 164 613 101 200 33 
65 97 654 63 209 20 
Stress at Different Stages 
In contrast to the "continuous-stress" treatments, the 
stress-at-different-stages treatments affected forage quality 
primarily through their effects on LSR. Stress at the vege­
tative stage did not significantly affect LSR; therefore, 
total-herbage forage quality in plants stressed at the 
vegetative stage was not significantly different from the 
control. On the other hand, stress at the bud and flower 
stages generally resulted in lower IVDDM and CP concentra­
tions of total herbage, primarily as a consequence of leaf 
wilting and leaf losses. 
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Relationship of Forage Quality with CWSI 
In the "continuous-stress" treatments, differences in 
forage quality over both years could be adequately accounted 
for by differences in CWSI. There is, then, the potential 
for using the CWSI as a predictor of forage quality of al­
falfa grown under a water stress. In the stress-at-different 
stages treatments, however, the CWSI was insensitive to 
changes in LSR that were induced by the abrupt-stress treat- • 
ments. As a result, the CWSI was not significantly related 
to total-herbage quality, although quality of plant parts 
were significantly related to CWSI. The type of water 
stress, whether continuous or abrupt, should be considered 
in employing the CWSI as a predictor of forage quality. 
Lastly, it should be pointed out that the use of 
potometers in this experiment may have limited the root 
volume of alfalfa. Under a field condition, a bigger root 
volume may have slowed the development of water stress, and 
plants may have been able to adapt physiologically to water 
deficits, e.g., through osmoregulation. The symptoms of 
severe water stress, such as leaf shedding, as observed in 
this study, may not have occurred in field-grown alfalfa. 
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APPENDIX 
.J-
Table Al. Mean squares from the analysis of variance for yield, maturity, 
leaf-to-stem ratio, and plant height 
Source df Yield Maturity 
Leaf : stem 
ratio^ 
Plant 
height 
Year (Y) 1 102314** 282** 231** 29389** 
Replicate 4 2230 1.1 1.4 203* 
Error a 4 542 0.2 1.9 25 
Harvest (H) 4 34610** 95.8** 23** 3773** 
Linear 1 136270** 374** 72** 14601** 
Quadratic 1 1816 3. 3** 14 490** 
Lack of fit 2 178 2.9 3 1 
H X Y 4 7261** 9.9** 5** 433** 
Error b 32 524 0.4 0.7 25 
Treatment (T) 7 14315** 6.9** 25** 1957** 
Continuous stress (CS) 4 22472** 11.5** 17** 3046** 
Linear 1 87921** 41.7** 60** 11663** 
Quadratic 1 1789** 2.7** 1 467** 
Lack of fit 2 88 0.7 4 27 
Among stages (AS) 2 4407** 1. 3** 5** 639** 
CS vs AS 1 1501 0.02 20** 237** 
T X Y 7 215 1.5** 7** 95** 
T X H 28 473** 0.2 2** 15 
T X Y X H 28 290 0.3 1* 30* 
Error c 279 198 0.2 0.8 17 
^Mean square is multiplied by 100. 
*,**Significant at the 0.05 and 0.01 probability levels, respectively, in 
this and all subsequent tables in the Appendix. 
Table Kl. Mean squares from the analysis of variance for internode length, 
internode number, and specific leaf-weight 
Internode Internode Specific 
Source df length number leaf-weight 
Year (Y) 1 40** 757** 57.8** 
Replicate 4 0.4 4.4 0.3 
Error a 4 2.2 7.9 0.9 
Harvest (H) 4 2.2** 643** 50.3** 
Linear 1 7.2** 2551** 188.3** 
Quadratic 1 0.6** 2.4 11.4** 
Lack of fit 2 0.5* 8.9** 0.8 
H X Y 4 0.6** 60** 8.8** 
Error b 32 0.17 1.4 0.5 
Treatment (T) 7 4.6** 38.8** 1.3* 
Continuous stress (CS) 4 6.7** 55.9** 1.9** 
Linear 1 27.1** 184.4** 3.7** 
Quadratic 1 0.7** 28.5** 0.3 
Lack of fit 2 0.04 3.4* 1.9* 
Among stages (AS) 2 1.5** 25.6** 0.6 
CS vs AS 1 1.2** 0.8 1.9 
T X Y 7 0.5** 5.2** 0.9 
T X H 28 0.13** 2.0* 0.9* 
T X Y X H 28 0.10* 1.4 1.1** 
Error c 279 0.06 1.1 0.5 
Table A3. Mean squares from the analysis of variance for IVDEM concentra­
tions of plant parts and total herbage 
Total 
Source df Stem base Leaf herbage^ 
Year (Y) 1 114.3* 26.6 91.6** 
Replicate 4 41.4 20.1 18.8 
Error a 4 9.0 42.6 4.2 
Harvest (H) 4 697.0** 17.8** 1.3 
Linear 1 2108.5** 16.4** 0.5 
Quadratic 1 633.9** 24.6** 2.1 
Lack of fit 2 22.8 15.0** 0.0 
H X Y 4 263.0** 13.2** 24.2* 
Error b 32 11.1 2.3 4.2 
Treatment ( T) 7 94.5** 2.2 18.8** 
Continuous stress (CS) 4 137.0** 3.6 16.0** 
Linear 1 514.7** 4.4 53.3** 
Quadratic 1 26. 3 9.6* 7.6 
Lack of fit 2 3.5 4.6 1.5 
Among stages (AS) 2 30.3* 0.2 21.2** 
CS vs AS 1 52.5** 0.8 25.4** 
T X Y 7 5.2 3.4* 4.1 
T X H 28 10.2 2.0 10.9** 
T X Y X H 28 10.6 3.2** 6.5 
Error c 278 7.0 1.6 3.8 
^df for harvest, harvest x year = 2j treatment x harvest, treatment x 
year x harvest = 14; error b = 16; error c = 165. 
Table A4. Mean squares from the analysis of variance for crude-protein 
concentration of plant parts and total herbage 
Total 
Source df Stem base Leaf herbage 
Year (Y) 1 34.1* 146.2* 41.5** 
Replicate 4 2.0 15.4 10.0 
Error a 4 2.9 13.6 1.7 
Harvest (H) 4 83.7** 335.8** 25.4** 
Linear 1 176.0** 737.6** 50.4** 
Quadratic 1 124.1** 597.2** 0.4 
Lack of fit 2 17.4** 4.3 0.0 
H x Y 4 67.3** 62.8** 10.8 
Error b 32 1.5 3.4 3.6 
Treatment (T) 7 8.8** 9.5** 3.8 
Continuous stress (CS) 4 11.6** 12.0** 0.9 
Linear 1 45.7** 27.0** 0.01 
Quadratic 1 0.5 15.2** 1.4 
Lack of fit 2 0.03 2.9 2.3 
Among stages (AS) 2 7.7** 6.9** 11. 3* 
CS vs AS 1 0.1 4.8* 0.02 
T X Y 7 0.2 2.5 1.4 
T X H 28 0.7 7.7** 7.2** 
T X Y X H 28 0.8* 4.1** 3.8 
Error c 279 0.5 1.4 2.7 
^df for harvest, harvest x year = 2; treatment x harvest, treatment x 
year x harvest = 14; error b = 15; error c = 155. 
Table A5. Mean squares from the analysis of variance for cell-wall concentra­
tion of plant parts and total herbage 
Source df Stem base Leaf 
Total 
herbage° 
Year (Y) 1 1319** 113.2* 62.3 
Replicate 4 79 11.0 14.7 
Error a 4 38 6.8 9.1 
Harvest (H) 4 644** 142.9** 12.0 
Linear 1 1895** 536.9** 13.9 
Quadratic 1 594** 15.5** 10.1 
Lack of fit 2 44* 9.6* 0.0 
H X Y 4 208** 13.0** 108** 
Error b 32 10 1.7 4.9 
Treatment (T) 7 217** 14.2** 53** 
Continuous stress (CS) 4 311** 17.7** 63.5** 
Linear 1 1192** 66.9** 250.2** 
Quadratic 1 42** 0.9 0.8 
Lack of fit 2 5 1.6 1.5 
Among stages (AS) 2 92** 9.1** 35.4** 
CS vs AS 1 88** 10.1** 46.1** 
T X Y 7 13* 1.2 6.5 
T X H 28 8* 1.4 14. 3** 
T X Y X H 28 7 1.3 13.0** 
Error c 279 5 1.2 5.8 
^df for harvest, harvest x year = 2; treatment x harvest, treatment x 
year x harvest = 14; error b = 16; error c = 165. 
Table A6. Mean squares from the analysis of variance for cell-wall composition of stem base 
and leaves 
Lignin Cellulose Hemicellulose 
Source df Stem base Leaf Stem base Leaf Stem base Leaf 
Year (Y) 1 9.5 286.4** 541.2* 296.2 488.1** 375.8 
Replicate 4 11.1 30.6 44.2 70.8 55.6 116.0 
Error a 4 7.0 11.3 55.2 87.3 54.9 142.3 
Harvest (H) 4 37.8** 8.8** 155.1** 171.0** 51.8** 335.2** 
Linear 1 104.1** 7.5 583.2** 625.4** 204.4** 1066.9** 
Quadratic 1 44.4** 19.3** 36.3* 0.03 0.3 221.6** 
Lack of fit 2 1.3 4.3 0.5 29.4 1.3 26.1 
H X Y 4 4.2* 9.7** 6.9 144.7** 5.7 181.5** 
Error b 32 1.4 2.2 6.5 12.0 7.2 11.6 
Treatment (T) 4 2.4** 2.8 20.2** 46.7** 21.3** 25.0** 
Continuous stress (CS) 4 0.4 2.7 28.5** 58.5** 20.7** 21.8** 
Linear 1 0.5 3.6 108.0** 161.2** 117.1** 50.4* 
Quadratic 1 0.2 2.3 1.6 71.5** 2.7 17.0 
Lack of fit 2 0.4 2.4 2.1 0.6 1.6 9.9 
Among stages (AS) 2 4.9** 4.0 4.2 12.2 9.8 4.6 
CS vs AS 1 5.4** 0.7 19.0 68.3** 6.7 78.8** 
T X Y 7 7.7 5,9 10.0* 15.5* 4.3 9.9 
T X H 28 1.0 2.3 5.6 7.4 7.6 7.9 
T X Y X H 28 0.7 1.4 6.5 7.6 4.5 10.4 
Error c 279 0.9 1.8 4.9 6.1 5.7 7.7 
^Cell-wall components are expressed as concentration of cell-wall dry weight. 
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Mean dry-matter yield of treatments in each year 
and harvest 
Harvest 
1 2 3 4 5 
g potometer"^ 
1983 
65.0 78.0 87.0 90.9 107.5 
51.2 68.9 79.4 78.7 99.3 
48.3 56.6 65.0 49.9 70.5 
37.2 44.5 45.1 44. 3 47.7 
49.1 58.3 80.9 72.9 78.9 
61.2 71.1 70.7 80.5 86.6 
62.4 78.5 95.2 93.4 94.2 
65.4 87.5 101.9 100.6 120.0 
1984 
74.4 108.2 117.7 130.5 149.7 
70.0 95.9 108.1 136. 2 126.9 
53.7 79.9 85.0 121.0 134.1 
44.3 58.1 81.3 96.9 77.1 
55.9 75.0 86.2 132. 3 148.9 
70.3 84.6 87.1 128.4 149.1 
75.0 113.9 122.4 144,0 141.3 
78.6 95.5 129.8 164.0 169.7 
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Table A8. Mean plant maturity of treatments in each year 
and harvest 
Treatment 
Harvest 
Stage number 
1983 
1 
2 
3 
4 
5 
6 
7 
8 
1.9 
1.4 
1.2 
0.7 
1.4 
1.6 
2.0 
1.9 
2.3 
2.0 
1.8 
1.2 
1.7 
1.8 
2.4 
2 . 6  
2 . 8  
2 . 6  
2 . 2  
1.4 
2.9 
2.5 
2.7 
3.2 
3. 2 
3.0 
2.1 
1.4 
2.7 
2.5 
3.0 
3.4 
4.2 
4. 3 
3.1 
2.4 
3.3 
3.0 
3.1 
4.3 
1984 
1 2.2 3.1 
2 2.8 3.3 
3 2.3 3.6 
4 2.0 2.7 
5 2.1 3.0 
6 2.4 3.1 
7 2.7 3.4 
8 2.8 3.5 
4.3 5.0 6.3 
3.9 4.6 6.0 
3.8 5.1 6.5 
3.7 4.1 5.6 
3.9 4.7 6.6 
3.6 4.5 6.2 
4.3 4.7 5.9 
4.4 4.8 6.5 
®Mean-stage-by-count method of Kalu and Pick (1981). 
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Mean leaf-to-stem ratio of treatments in each 
year and harvest 
Harvest 
•kg kg~^-
1983 
0.53 0.72 0.76 0.67 0.58 
0.79 0.74 0.69 0.66 0.56 
1.00 0.90 0.89 0.76 0.76 
0.88 0.94 0.88 0.77 0.68 
0.74 0.76 0.74 0.72 0.60 
0.78 0.54 0.58 0.67 0.59 
0.85 0.72 0.75 0.67 0.36 
0.67 0.71 0.69 0.65 0.57 
0.57 
0.58 
0.58 
0.67 
0.58 
0 . 6 0  
0.59 
0.54 
1984 
0.57 
0.56 
0.57 
0.63 
0.58 
0.55 
0.51 
0.50 
0.58 
0.61 
0.63 
0.61 
0.63 
0.54 
0.56 
0.56 
0 . 6 0  
0.53 
0 . 6 0  
0 . 6 2  
0.58 
0.52 
0.49 
0.55 
0.55 
0.53 
0.48 
0.54 
0.51 
0.55 
0.39 
0.55 
Le 
it  
1 
2 
3 
4 
5 
6 
7 
8 
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2 
3 
4 
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Mean plant height of treatments in each year 
and harvest 
Harvest 
1 2 3 4 5 
cm-
1983 
36.7 
28.1 
25.0 
18.2 
28.6 
32.4 
36.0 
36.4 
41.6 
33.4 
31.2 
20. 3 
32.5 
34.4 
40.5 
43. 3 
41.2 
37.5 
34.6 
23.6 
42.6 
37.7 
42.0 
46.7 
47.6 
38.8 
31.3 
24.0 
36.4 
40.1 
43.3 
47.4 
49.2 
46.5 
38.3 
27.1 
42.3 
42.5 
49.7 
49.2 
1984 
44.2 
43.6 
38.4 
30.6 
38.0 
43.8 
44.0 
47.8 
53. 8 
51.6 
47.0 
38.4 
42.4 
47.2 
56.0 
57.0 
6 0 . 6  
55.6 
49.4 
48.4 
50.2 
51.4 
61.6 
64.0 
62 .  6  
64.0 
61.6 
55.2 
62.4 
6 0 . 8  
65.8 
67.6 
6 6 . 0  
60.4 
6 2 . 2  
47.0 
63.4 
6 0 . 6  
6 6 . 8  
72.2 
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Table All. Mean number of nodes per stem of treatments in 
each year and harvest 
Treatment 
Harvest 
•nodes stem -1 
1983 
1 
2 
3 
4 
5 
6 
7 
8 
10.9 
9.5 
10.2 
8.5 
10.2 
10.2 
12.0 
9.9 
13.2 
11.7 
12.1 
10 .2  
11.9 
11.4 
13.8 
12.7 
14.8 
12.8 
13.3 
11.7 
14.7 
12 .0  
14.6 
13.6 
15.8 
13.2 
13.3 
11.1 
14.1 
13.3 
15.1 
15.5 
16 .  8  
16 .8  
15.6 
13.4 
15.9 
15.6 
15.5 
16.7 
1984 
1 
2 
3 
4 
5 
6 
7 
8 
11.0 
11.4 
10.8 
10.4 
10.8 
11.2 
11 .8  
12.5 
14.2 
15.0 
14.4 
12.4 
13.6 
12.8 
14.4 
14.4 
16 .0  
15.0 
14.0 
14.4 
14.6 
14.2 
15.6 
16 .2  
19.2 
19.8 
18.8 
17.6 
19.2 
17.8 
19.6 
19.2 
2 0 . 8  
20 .6  
20 .6  
17.4 
2 0 . 6  
19.4 
19. 8 
21.4 
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Table A12. Mean specific leaf-weight of treatments in 
each year and harvest 
Treatment 
Harvest 
•g m -1 
1983 
1 
2 
3 
4 
5 
6 
7 
8 
17.5 
19.7 
2 0 . 8  
2 0 . 2  
25.0 
21. 3 
23.8 
22. 3 
32.5 
34. 2 
34.9 
39.4 
34.8 
39.8 
33. 2 
35.1 
38.2 
39.0 
63.3 
42.4 
34.7 
34. 2 
36.9 
35.7 
33.2 
40.6 
40.1 
43.1 
38.0 
28.9 
44.9 
37. 3 
34.6 
38.5 
40.1 
44.7 
37.1 
42.0 
40. 3 
39.5 
1984 
1 
2 
3 
4 
5 
6 
7 
8 
29.5 
29. 8 
33.0 
34.1 
33.4 
30. 3 
32.0 
32. 3 
34.2 
35.6 
36.1 
38.8 
38.9 
35. 3 
35.6 
36.5 
41.8 
43.4 
41. 8 
38.1 
41.0 
41.0 
40.8 
42.1 
48.3 
51.7 
50.0 
55.9 
45.9 
50. 3 
42.8 
52.1 
53.1 
57.5 
54.2 
44.0 
57.8 
52.1 
65.6 
52.9 
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Table Al3. Mean stem-base IVDDM concentration of treatments 
in each year and harvest 
Harvest 
Treatment 12 3 4 5 
g kg~^ dry matter 
1983 
1 525 504 
2 534 495 
3 541 539 
4 547 534 
5 548 530 
6 537 572 
7 543 499 
8 539 489 
496 501 495 
491 530 502 
510 542 520 
535 559 545 
476 520 515 
494 497 497 
489 511 483 
483 494 488 
1984 
1 572 500 476 471 490 
2 585 493 482 479 483 
3 590 522 508 479 481 
4 593 559 513 494 498 
5 586 515 507 425 455 
6 596 502 496 457 483 
7 577 486 484 458 446 
8 565 502 486 456 474 
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Mean stem-top IVDIM concentration of treatments 
in each year and harvest 
Harvest 
•g dry matter-
1983 
657 618 603 584 
664 623 621 606 
632 627 621 
689 652 667 
685 619 621 612 
681 624 620 596 
673 596 581 576 
631 607 588 577 
1984 
736 621 597 549 544 
746 625 615 549 543 
736 637 619 568 536 
722 676 632 578 582 
726 667 627 551 559 
740 641 627 554 571 
725 635 601 537 539 
722 627 597 508 540 
2 
3 
4 
5 
6 
7 
8 
1 
2 
3 
4 
5 
6 
7 
8 
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Mean leaf IVDDM concentration of treatments 
in each year and harvest 
Harvest 
g kg*"^ dry matter 
1983 
774 790 770 767 767 
777 782 786 771 768 
787 787 782 778 770 
775 772 787 770 768 
773 798 780 774 774 
769 792 770 763 766 
780 795 774 772 767 
775 774 779 771 765 
1984 
779 772 782 757 769 
769 780 775 772 774 
759 766 777 775 780 
760 771 770 771 780 
777 769 776 748 766 
768 770 800 777 767 
773 768 777 761 780 
758 759 776 772 758 
W-
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Table A16, Mean total-herbage IVDEM concentration of 
treatments in each year and harvest 
Harvest^ 
Treatment 12 3 4 
g kg~^ dry matter 
1983 
1 642 638 626 
2 648 644 634 
3 657 651 655 
4 644 667 648 
5 643 646 646 
6 620 644 630 
7 635 652 599 
8 638 638 634 
1984 
1 675 657 
2 662 647 
3 671 658 
4 634 668 
5 669 639 
6 664 639 
7 670 667 
8 646 639 
642 621 636 
616 606 651 
631 624 623 
645 654 624 
649 631 622 
606 621 653 
614 625 613 
630 613 636 
^Samples at Harvest 1 and 2 of 1983 were not available. 
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Table A17. Mean stem-base crude-protein concentration of 
treatments in each year and harvest 
Harvest 
Treatment 
•g kg 
1983 
-1 dry matter-
1 
2 
3 
4 
5 
6 
7 
8 
114 
116 
117 
118 
123 
112 
112 
113 
99 
101 
112 
111 
115 
116 
99 
99 
108 
108 
110 
120 
105 
111 
105 
102 
110 
119 
122 
121 
120 
108 
120 
109 
110 
111 
117 
122 
118 
111 
111 
105 
1984 
1 
2 
3 
4 
5 
6 
7 
8 
148 
150 
154 
161 
157 
149 
146 
143 
114 
114 
118 
130 
130 
113 
110 
110 
102 
104 
110 
114 
115 
110 
108 
103 
105 
110 
108 
109 
102 
104 
102 
106 
107 
109 
103 
110 
108 
109 
105 
107 
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Table Al8. Mean leaf crude-protein concentration of treat­
ments in each year and harvest 
Treatment 
Harvest 
•g kg~^ dry matter-
1983 
1 357 319 305 300 313 
2 354 309 302 290 324 
3 339 323 303 296 325 
4 321 291 302 284 316 
5 312 319 311 293 333 
6 336 282 301 307 316 
7 359 316 314 278 309 
8 365 322 312 286 315 
1984 
1 378 333 
2 367 341 
3 374 337 
4 370 328 
5 353 334 
6 367 317 
7 364 336 
8 361 338 
304 318 315 
303 319 313 
304 320 307 
300 310 298 
315 333 322 
280 321 322 
304 322 284 
304 321 316 
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Table A19. Mean total-herbage crude-protein concentration of 
treatments in each year and harvest 
Harvest^ 
Treatment 
•g kg~^ dry matter-
1983 
1 210 207 212 
2 211 204 220 
3 218 207 224 
4 203 210 217 
5 215 208 233 
6 200 206 215 
7 209 228 186 
8 207 202 231 
1984 
1 250 233 
2 261 233 
3 191 227 
4 208 230 
5 236 226 
6 236 236 
7 257 237 
8 238 219 
197 206 219 
190 202 213 
200 213 197 
197 209 206 
208 215 205 
178 202 223 
187 217 195 
195 200 203 
^Samples at Harvest 1 and 2 of 1983 were not available. 
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Table A20. Mean stem-base cell-wall concentration of 
treatments in each year and harvest 
Harvest 
Treatment 12 3 4 
g kg"^ dry matter 
1983 
1 599 622 630 639 641 
2 582 618 628 603 623 
3 581 579 615 571 609 
4 559 572 574 653 563 
5 561 583 640 603 601 
6 599 604 623 629 637 
7 603 640 648 611 648 
8 606 644 655 648 656 
1984 
1 584 660 
2 570 657 
3 573 647 
4 534 590 
5 555 623 
6 574 653 
7 597 678 
8 591 662 
671 676 682 
671 663 666 
628 665 686 
623 661 642 
660 706 675 
658 698 666 
673 694 686 
675 693 679 
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Table A21. Mean leaf cell-wall concentration of treatments 
in each year and harvest 
Harvest 
Treatment 
-g kg~^ dry matter-
1983 
1 189 189 195 214 236 
2 189 190 191 200 219 
3 190 186 192 205 220 
4 189 189 177 198 200 
5 189 181 196 214 223 
6 187 188 207 212 232 
7 185 193 202 221 241 
8 190 198 199 217 236 
1984 
1 197 210 
2 198 205 
3 197 205 
4 196 197 
5 186 206 
6 200 206 
7 207 210 
8 207 212 
207 226 224 
208 220 219 
206 220 218 
204 220 214 
210 229 221 
202 220 227 
217 234 228 
216 234 232 
230 
Table A22. Mean total-herbage cell-wall concentration of 
treatments in each year and harvest 
Treatment 
Harvest^ 
•g kg"^ dry matter-
1983 
1 404 422 444 
2 404 410 431 
3 381 401 407 
4 403 375 404 
5 407 396 422 
5 427 415 437 
7 420 414 490 
8 426 421 440 
1984 
1 393 385 
2 393 393 
3 367 397 
4 435 373 
5 383 403 
6 397 413 
7 387 373 
8 411 419 
432 436 413 
438 440 400 
405 421 441 
413 399 387 
411 434 426 
446 454 391 
458 416 428 
450 449 435 
^Samples at Harvest 1 and 2 of 1983 were not available. 
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Mean stem-base cell-wall lignin concentration of 
treatments in each year and harvest 
Harvest 
g kg~^ cell-wall 
1983 
166 177 178 178 178 
167 177 178 179 180 
166 176 174 175 174 
175 178 178 172 180 
171 177 178 187 175 
168 184 187 180 183 
164 177 179 180 179 
164 179 180 184 178 
1984 
166 178 180 195 180 
170 180 174 180 184 
168 182 185 193 188 
162 173 179 178 182 
166 183 132 191 188 
162 177 197 196 190 
159 171 187 179 187 
166 175 184 184 180 
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Mean leaf cell-wall lignin concentration of 
treatments in each year and harvest 
Harvest 
g kg~^ cell-wall 
1983 
117 116 112 125 131 
116 121 117 123 129 
116 128 120 131 143 
112 131 135 120 132 
128 132 120 132 124 
113 125 138 120 134 
118 119 111 119 111 
115 126 121 122 128 
1984 
135 135 128 139 142 
147 143 128 136 143 
148 138 125 135 152 
150 143 134 133 143 
146 133 132 132 146 
154 130 149 146 142 
146 146 136 139 149 
143 146 141 136 143 
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Table A25. Mean stem-base cell-wall cellulose concentration 
of treatments in each year and harvest 
Harvest 
Treatment 12 3 4 5 
g kg~^ cell-wall 
1983 
1 535 622 604 605 598 
2 623 612 596 611 611 
3 616 622 595 586 598 
4 609 597 588 578 577 
5 633 608 608 589 587 
6 635 610 607 599 578 
7 622 612 607 543 602 
8 620 625 616 607 604 
1984 
1 654 640 645 625 621 
2 658 643 616 618 607 
3 627 619 631 618 606 
4 649 637 625 628 603 
5 657 614 600 602 609 
6 656 647 614 609 612 
7 654 621 629 629 618 
8 648 653 629 638 622 
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Table A26. Mean stem-base cell-wall hemicellulose concen­
tration of treatments in each year and harvest 
Harvest 
Treatment 1 2 3 4 î 
g kg~^ cell-wall 
1983 
1 190 199 213 213 222 
2 198 208 214 210 203 
3 211 199 228 235 225 
4 215 215 228 242 234 
5 177 225 227 218 235 
6 192 202 202 219 248 
7 205 227 207 230 215 
8 208 196 199 203 212 
1984 
1 180 182 
2 171 176 
3 203 199 
4 190 190 
5 177 202 
6 181 176 
7 186 206 
8 184 172 
210 188 199 
183 194 209 
196 207 205 
218 195 214 
188 191 202 
183 195 197 
187 191 194 
180 178 197 
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Table A27, Mean leaf cell-wall hemicellulose concentration 
of treatments in each year and harvest 
Harvest [ 
Treatment 12 3 4 5 
•g kg~^ cell-wall-
1983 
1 250 258 285 306 326 
2 263 262 264 292 281 
3 255 245 275 296 330 
4 274 243 278 341 323 
5 238 248 268 307 310 
6 214 268 257 272 301 
7 225 275 275 281 308 
8 240 275 253 278 308 
1984 
1 280 285 325 294 279 
2 248 293 344 301 291 
3 281 289 341 301 285 
4 294 292 328 318 310 
5 260 307 320 302 278 
6 252 284 341 303 300 
7 259 260 313 303 283 
8 260 282 341 309 293 
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Mean leaf cell-wall cellulose concentration of 
treatments in each year and harvest 
Harvest 
•g kg~^ cell-wall-
1983 
587 594 580 577 525 
561 587 589 569 564 
575 596 587 546 508 
541 556 568 • 509 511 
584 579 587 544 545 
611 576 575 583 547 
605 596 590 571 542 
594 579 598 584 537 
1984 
569 568 536 554 560 
589 554 520 552 547 
559 565 522 554 547 
546 558 524 540 536 
580 550 540 552 556 
585 575 506 544 538 
574 587 539 551 560 
567 564 508 547 551 
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Table A29. Mean CWSI of treatments in each year and harvest 
Harvest 
atment 1 2 3 4 5 
1983 
1 0.026 0.178 0.161 0.112 0.121 
2 0.180 0.287 0.262 0.203 0.167 
3 0.318 0. 345 0.278 0.341 0.279 
4 0.495 0.580 0.417 0.471 0.517 
5 0.125 0. 390 0.273 0.317 0.288 
6 0.092 0.293 0.335 0.243 0.242 
7 0.049 0.191 0.088 0.180 0.230 
8 -0.077 0.004 0.014 0.005 0.041 
1984 
1 0.114 0.058 0.071 0.102 0.002 
2 0.077 0.075 0.070 0.057 0.101 
3 0.133 0.104 0.175 0.069 0.088 
4 0. 231 0. 311 0.238 0.056 0.284 
5 0.229 0.222 0.166 0.052 0.109 
6 0.078 0.128 0.243 0.098 0.066 
7 0.107 0.081 0.042 0.094 0.069 
8 0.021 0.054 0.046 0.130 -0.051 
